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SECTION  I. 

/ 

0/tbe  Nature  anJ  Lawi  of  Reflexion 
and  Refradlion.  ^ 

SUBSEGT.  I.  A RAY  of  light  A B is 
faitl  to  be  refleded,  when  having  pafled 
through  one  medium  and  fallen  on  the 
furface  of  another,  it  does  not  enter  this 
medium,  but  is  turned  back  into  the 
former. 


2.  A ray 


Fig,  I. 


( 2 ) 

2.  A ray  ' A B is  faid  to  be  refracted 
when  having  pafled  through  one  medium 
and  fallen  obliquely  on  the  furface  of  ^ 
fecond,  it  proceeds  through  this  medium, 
not  in  its  former  direction,  but  in  one 
more  or  lefs  oblique  to  the  refra<fling 
furface  than  the  former,  according  as  the 
fecond  medium  is  rarer  or  denfer  than  the 
firft. 

3.  The  angle  of  incidence  is  that  which 
Fig.  I & the  incident  ray  A B makes  with  B C, 

the  perpendicular  to  the  furface,  raifed 
from  the  point  of  incidence  B. 

4»  The  angles  of  r flexion  C B F,  or 
fig.  I fc  refraElion  O B F,  are  thofe  made  by  the 
refledled  or  refradted  rays  refpedlively 
with  the  perpendicular. 

5,  The  refraSled  angle  F B L is  that 
Fig-  2.  contained  by  the  refradled  ray  B F with 
the  incident  ray  produced  B L or  its 
fupplemcnt  ABF. 
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5.  The  refleded  angle  ABF  is  that 
contained  um^er  the  incident  and  refleded  ^‘8*  *• 
rays  A b,  B F ; or  its  fupplement  h'  B O. 

y.  A pencil  of  rays  is  any  parcel  ofpig 
rays  0 wS  that  are  conceived  to  flow  from  ^ S- 
or  to  the  fame  point  F. 

8.  I'he  fo^us  of  a pencil  is  that  point  F 
to  which  the  rays  converge,  or  from  which 
they  diverge^. 

g.  The  axis  of  a pencil  O S is  a right 
line  F B drawn  from  the  focus  perpendi-  Fig.  3, 4 
cularly  to  a refleding  or  refrading  furface 
C P,  or  through  a point  B in  a lens  M L?  Fig.  5. 
called  its  centre, 

• It  is  to  be  here  remarked  that  if  a pencil  of  rays 
fall  cn  a plane  reflecting  furface,  they  (hall  after  re- 
flexion all  converge  to,  or  diverge  from  the  ame  point  of 
the  axis  accurately  (as  will  appear  from  Subf.  iJ).  But 
if  the  pertcil  fall  on  a fpheric  reflefting  furface,  or  on  a 
Tcfradling  furface,  whether  plane  or  fpherical,  the  rays 
at  different  diftances  from  the  axis  (hall,  alter  reflexion 
Or  rcfraiflion,  meet  the  ' ay  that  is  in  the  axis  in  different 
points  ; and  the  centre  of  the  fmalled  fpaee  into  which 
all  the  rajs  arc  colletled  is  effeemed  the  focus  of  the 
reflpfted  or  refraftei  pencil,  and  may  be  called  its 
virtual  focus. 
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JO.  The  geonjetric  focus  of  a pencil  of 
rays  reflet^ed  or  refradleh  is  tlie  focus  of 
thofe  rays  that  were  in,  and  indefinitely 
near  to  the  axis  in  their  incidence*. 

6 s:  11,  Foci,  A andB,  belonging'to  the  fame 

pencil  before  and  after  reflexion  or  refrac- 
tion, are  faid  to  be  conjugate'to  each  other. 

ji2.  The  axis  of  a lens  is  a fight  line 
5-  F B.  drawn  through  it  perpendicular  to 
both  its  furfaces. 

13.  The  axis  of  a refledfing  or  refradl- 
ing  fpheric  furface  is  a 'right  line  palling 
through’ the  inid  ;le  point  of  the  furface, 
and  perpendicular  thereto. 

14.  The  principal  focus  of  a lens  or 
fpheric  lurface  is  that  geometric  focus 
to  which  rays  that  fall  parallel  to  its  axis 
are  refle(9ed  or  refradted. 

15.  The  focal  length  of  a lens  or 
fpheric  furface  is  the  perpendicular  dif- 

* Since  the  nearer  that  the  incident  rays  are  to  the 
axis,  the  Gnaller  will  be  tlie  fpace  into  which  a given 
number  can  be  collected  (Vide  Barrow’s  Left.  Opt. 
L.  4,  Alt  15.  it  is  evi  ent  that  the  virtual  geometric 
focus  of  a pencil  muft  be  in  its  axis. 
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tance  of  the  principal  focus  from  the  lens 
or  furface. 

1 6.  Sir  Ifaac  Newton  having  abun, 
dantly  demonflrated  that  each  ray  of 
folar  light  is  compounded  of  fevcral  ray? 
different  in  theirproperties  (c.  g.  in  colour 
and  refrangibility)  it  becomes  neceffary 
to  make  a diftinftion  between  the  diffe^ 
rent  kinds  of  light.  Hcmogcfieous  light 
is  that  which  forms  any  of  thofe  rays  fe^ 
parately  taken,  which  compofe  folar  light 
when  taken  together.  Hderogeneotis  hgloi 
is  the  common  light  which  refults  from 
the  compofition  of  the  different  kinds  of 
the  former. 

17.  The  general  and  fundamenta] 
laws  of  reflexion  and  refradlion  are — ^ 
ift,  In  all  kifids  of  lights  the  angle  0^ 
ref  exion  B D C is  equal  to  the  angle  of 
incidence  AD  B.  I'his  appears  from 

* As  all  kinds  of  homogeneous  rays  are  incident 
in  the  fame  angle  when  a folar  ray  falls  on  a rtflcj^t- 
ing  furface,  they  mull;  be  all  refleited  in  the  fame  an^le, 
therefore  in  reflexion  no  feparation  of  the  homegeneot^ 
rays  can  take  place. 

•tTie 
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the  compofition  and  refolution  of  mo- 
tion 

Fifi.  8.  Let  the  motion  of  the  incident  ray  be 
^ expounded  by  AD;  A B will  expound 
the  parallel  motion  while  A E expounds 
the  perpendicular  one  ; the  perpendicu- 
lar motion  after  reflexion  will  be  equal 
to  that  before  reflexion^  and  therefore 
will  be  expounded  by  D B = A E. 
The  parallel  motion  being  unaffedfed  by 
reflexion  continues  uniform,  and  there- 
fore wiil  be  expounded  by  B C = A B, 
therefore  the  courfe  of  the  ray  is  D C ; 
and  by  the  4th  of  book  i.  Elements,  the 
angle  A D B = B D C. 

j-jg  ^ 2.  \n  homogeneous  light  only ^ I:  Kin  the 

fame  proportion  f,  however  the  angle  of 

* The  motion  of  light  is  proved  by  Mr.  Romei’s 
obferv/itions  on  the  ecllpfts  of  Jupiter’s  fatcllites.  Vide 
Ktil’s  Aftronomy,  Led-  i6. 

f As  the  angle  of  incidence  vaniflies  when  a ray 
falls  in  the  perpendicular,  fo  muft  all  the  angle  of 
relljeslon  or  refraction  vaniflt,  and  therefore  the  whole 
courfe  of  this  ray  mull  be  in  one  and  the  fame  ri'^ht 
l^ne  before  and  after  reflexion  or  refraClion. 


incidence 


incidence  be  varied  upon  a giver* 
refracting  medium. — "rhis  is  proved  in 

fluids  by  the  following  experiment. 

< 

>• 

To  the  fide  of  a-  ftrong  beain  accurate- 
ly planed,  eiecSt  at  the  diftance  of  eight 
or  ten  feet  from  each  other  two  plates, 
exactly  perpendicular  to  the  beam  ; Ad- 
joining to  one  of  the  plates,  which  is  per- 
forated, place  a prifmatic  glafs  veflel  fill- 
ed with  water,  which  fhall  red  on  .the 
plate  when  the  beam  is  inclined.  On 
the  oppofite  plate  mark  that  point  which 
is  at  the  fame  diftances  from  the  upper 
furface  and  fides  of  the  beam,  as  the 
final]  hole  in  the  perforated  plate. — In- 

* As  each  homogeneous  ray  has  a degree  of  refran- 
gibility  different  from  the  reft,  it  is  plain  that  where 
the  incidence  of  them  all  is  the  fame  (i.  e.  when  a 
foiar  ray  is  incident  on  a rtfraifting  furface)  the  an- 
gles of  refraflion  ftiall  be  different,  and  therefore  a 
feparation  of  the  rays  muft  enfue  in  a hngle  refrac- 
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cline  the  beam  toward  the  fun,  and  let 
that  coloured  light  which  you  intend  to 
examine,  after  refrad:ion  by  the  water, 
fall  on  the  mark  in  the  oppofite  plate — 
at  that  inftant  take  the  altitude  of  the 
fun,  whofe  complement  is  equal  to  the 
angle  of  incidence,  as  alfo  the  inclination 
of  the  beam  to  the  horizon,  whofe  com- 
plement is  the  angle  of  refra(^ion. 


The  angles  being  thus  found,  you 
have  their  fines,  which  are  found  to  be 
always  in  one  and  the  fame  proportion^ 
whatever  be  the  fun’s  altitude  at  the  time 
of  making  the  experiment,  i.  e.  however 
the  incidence  be  varied*. 


* To  fee  this  proved  other^vife  in  fluids  by  means  of 
hollow  prifms,  and  in  folids  by  tin  ans  of  glafs  piifms  of 
various  angles,  cenfult  Newton’s  Led  Opt.  Part  i. 
Sed  2. — Fhefe  modes  are  here  omitted,  as  involving  to# 
many  geometrical  lemmas. 


SECT. 
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SECT.  II. 


6f  the  Pofition  of  the  Conjugate  Foci  of 
Rays  refieEled  a?td  refra&ed, 

m mwm,  I , 


*8.  |F  3 pencil  of  rays  fall  on  a plane 
refleding  furface,  the  perpendicular  dif 
tances  of  the  conjugate  foci  from  the  plane 
Jhall  he  equal, 

I If  the  incident  rays  KC  he  parallel  pig.  to. 
— ^then  as  the  angles  of  incidence  A C B 
of  all  the  rays  are  equal,  the  angles  of 
reflexion  BCD  lhall  be  equal  J,  • • the  j S\ibf. 
reflected  rays  C D are  equally  inclined  to  * 
the  furface,  and  • • are  parallel  to  each 
other,  i.  e.  the  foci  are  both  infinitely, 
and  • - equally  diftant  from  the  plane. 

2.  Jf 


2.  If  the  incident  rays  diverge 
then  becaufe  the  angles  of  incidence 
A C D are  equal  to  the  angles  of  reflex- 
ion D C E refpeiStively,  the  inclinations 
ACM  of  the  incident  rays,  are  equal 
to  the  inclinations  E C L of  the  refledled, 
i.  e.  to  the  angles  B C M vertically 
©ppofite — wherefore  by  26  Lib.  i.  El.  the 
triangles  ACM  arc  equal  to  the  tri- 
angles B C M refpciSliveiy,  and  • • AM 
= B M. 

N.  B.  The  fame  dernonflration  will 
apply  to  the  cafe  of  converging  rays. 

19.  Of  homogeneal  rays  that  fall  on  a 
plane  refracting  furface  ; the  perpendicu-^ 
lar  dijlance  of  the  geometric  focus  of  the 
incident  rays  from  the  furface  is  to  that  of 
the  refraBed  ones  R : I, 

I.  If  the  incident  rays  diverge^  pro- 
duce the  refracted  ray  L B until  it 
meets  the  perpendicular  in  D — then  in 

the 


( I*  ) 

th-e  triangle  A B D,  as  the  fine  of  tht 
angle  A is  to  tlie  fine  of  the  angle  D 
(i.  e.)  as  I : R fo  is  B D to  B A,  i.  e. 
when  the  rays  fall  (q.  p.J  perpendicularly 3 
fo  is  D M to  A M. 

N.  B.  The  fame  demonAration  will 
apply  to  the  cafe  of  converging  rays,  or 
even  to  that  of  parallel  raye,  by  cenfider- 
ing  the  focus  A as  infinitely  diftant — for 
as  there  is  a conftant  proportion  between 
A M and  D M,  if  the  former  be  infinite 
fo  fhall  the  latter,  i.  e.  the  refracted  rays 
fhall  be  parallel,  but  for  greater  clearnefs 
this  cafe  is  delivered  feparately, — thus, 

2,  As  the  angles  of  incidence  ABC  are 
equal,  and  as  their  fines  have  a given 
proportion  to  the  fines  of  the  angles  of 
refraction  DBF  (which  are  of  the  fame 
affedion)  thefe  angles  fhall  be  alfo 

• it  is  here  proper  to  remark,  that  the  fine  of  an 
angle  is  the  Tune  with  the  fine  of  its  fupplcment  to  two 
right  angles. 


equal 
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equal,  • • the  refradled  rays  arealfo  paral- 
lel, i.  e,  the  conjugate  foci  fliall  be  both 
Infinitely  diftant  from  the  furface*. 

20.  If  a pencil  of  rays  fall  on  a reflecting 
fpheric  furface,  thefemUradius  BD  ^ the 
fphereis  always  a mean  proportional  between 
the  dtflances  A D,  and  C D 0/ the  geometric 
^ foci  of  the  incident  and  refleEled  rays  ^ from 

the  poinfof  bife&ion  D,  in  that  radius  which 
coincides  with  the  axis  of  the  pencil, 

I ft.  If  the  incident  rays  diverge  from  a 
focus  A — Draw  B F and  G B refpeCtively 
parallel  to  the  incident  and  reflected  rays, 
then  becaufc  the  angle  of  reflexion  B E F 
=5  GE  B,  the  angle  of  incidence,  i.  e,  = 
E B F,  the  triangle  B F E is  an  ifofceles  ; 

• • when  the  f point  E coiqeides  with  P, 

, the  Tides  B F,  F E fhall  coincide  with 

* N,  B.  It  is  plaio  that  if  the  line  into  which  a 
* 1 '• 

ray  is  rtflefted  or  refrafted  be  taken  to  expiefs  the 
dlre^lion  of  a#  incident  ray,  this  (hall  be  reflciScd  of 
fefraded  into  the  line  ia  which  the  former  ray  was  in- 
cidsht. 


the 
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th^  femi-radli  B D,  D P — and  fince  froni^ 
the  nature  of  the  Gonftrudion,  the  tri^* 
angles  B F E,  BGEare  always  mutually 
equilateral,  the  points  F and  G will  ap- 
proach each  other  while  E moves  toward 
Pj  and  will  ultimately  coincide  at  D* 
But  becaufe  of  the  hmilar  triangles  ABG, 

B C F,  F C : F B ::  G B : A G,  (i.  e, 
when  A E is  q.  p.  perpendicular)  D C : 

D B ::  D B ; DA. 

N.  B.  A fimilar  demonftration  wllj 
apply  to  the  cafe  of  converging  rays. 

2.  If  the  incident  rays  be  parallel^  the 
geometric  focus  of  the  refected  rays  will 
be  in  that  point  where  the  radius  is 
bifelied — for  of  the  extreme  proportion^ 
als  in  the  analogy  above,  A D being 
infinitely  increafed,  the  other  D C is 
infinitely  diminilhed,  and  vanifhes — Of' 
it  may  be  alfo  thu^  demonf  rated — The 
triangle  BCD  is  an  ifofceles,  whofcp.^ 
fides  D C,  DB,  when  taken  together,  are 

^ ultimately 
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ultimately  equal  to  and  coincident  with 
the  radius  C F,  • • the  point  D will  then 
be  the  point  of  bifed;ion. 

21.  Let  G I be  one  of  a pencil  of 
homogeneous  rays  parallel  to  the  axis  of 
a refradling  fpheric  furface — T"he  d'ljiance 
of  the  geometric  focus  of  the  refracted  rays 
from  the furface,  is  to  its  diftance  from  the 
centre  C of  the  fphere  as  R*  For  I F ; 
F C ::  fine  of  I C F (or  I C V = angle  of 
incidence ) fine  of  C It  (the  a?igle  of 
refraction  or  its  fuppkment — But  when 
the  rays  fall  near  the  perpendicular,  I F 
coincides  with  F V,  • - by  fubftituting  fer 
IF  in  the  analogy  its  equal  F V,  the 
truth  of  the  propofition  is  evident. 

Coroll.  By  divifion  of  proportion  we 
have  lienee  the  radius  VC;  F V (the 
diftance  of  the  prmcipal  focus  from  the 
furface ) ::  difference  of  the  fines  ; fine  of 
incidence^  • • given  the  radius  of  the  fphere, 
the  principal  focus  is  aifo  given» 


22.  Given 


i 
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22.  Given  a focus  A of  homogeneous 
rays  which  fall  converging  or  diverging 
on  a fpheric  refrading  furface,  its  con-  Fig- 

jugate  is  thus  found  Take  from  the  24!  * 

centre  D a part  of  the  axis  D F equal  to 
the  principal  focal  diftance  * ; that  point 
nsohofe  dijiance  from  the  given  focus  A 
//  a fourth  proportional  to  the  dijiances  • 

A F,  A C,  A D,  (of  the  affumed pointy  the  > 
furface  and  the  centre^  from  the  fame  focus 
A)  will  be  its  conjugate  fought. 

\ 

F’orfrbm  D deferibe  an  arch  with  DF 
is  its  radius  ; if  a ray  (as  B Iflued 
from  Bj  it  would  be  refraded  into  E G 
parallel  { to  BD  the  axis  of  its  pencil,  ^ 
then  becaufe  of  the  fimilar  triangles  Note  to  . 

ABD,  AEG,  AB;  AE:: 

1 '*  ' . - . ^ 

* At  tke  fame  fide  with  the  given  focus  w hen  in 

pafling  from  a rarer  to  a denfer  medium,  the  rays  fall 

on  a convex  furface — at  the  other  fide  if  they  fall  on  a 

concave.  'I  he  contrary  pofitions  of  the  principal  focus 

are  to  be  affumed,  when  the  rays  pafs  from  a denfer 

ffiejlium  to  a rarer. 

« 

B 2 


— But 


Fig.  25. 
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— But  when  the  lay  A E falls  q.  p.  per- 
pendicularly, A B and  A E coincide 
refpedively  with  A F and  A C,  •/  A F ; 
AC::  AD:  AG. 


CorolL  Hence  by  converfion  A F ; F C :: 
A D : DG — (and  fince  by  Cor.  Subf.  21. 
the  radius  being  given,  the  principal 
focus  is  given)  we  fhall  here  have  the 
three  lirft  terms  of  the  analogy  if  the, 
radius  be  known,  and  therefore  the 
fourth,  which  gives  G the  focus  conju- 
gate to  A. 

23.  Lenfes  are  of  hx  kinds,  r , Plano- 
convex. 2,  Plano-concave.  3,  Double 
convex.  4.  Double  concave.  5,  Menifeus. 
6.  The  other  kind  of  concavo-convex 
glafs — They  are  beft  explained  by  their 
figures. 

N.  B.  The  curved  furfaces  are  fphe- 
rical. 


The 
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The  centre  of  a lens  is  that  point 
thro'  which  if  a ray  pa fes^  its  whole  courfe 
will  be  q.  p.  a right  line — It  is  thus  found  : 
Draw  the  axis  of  the  glafs  B C,  and  alfo 
any  two  parallel  radii  B D and  C E of 
its  furfaces — If  D E be  drawn  it  wdll  cut 
the  axis  in  the  point  required — For  fup- 
pofing  rays  to  pals  both  ways  along  DE, 
becaufe  of  the  parallels  D B and  C E, 
the  angles  of  incidence  B D E,  C E D 
are  equal,  • the  angles  of  refraction  are 
equal,  i.  e.  the  ray  O E will  emerge  in 
D V parallel  to  its  incidence — and  as  the 
thicknefs  of  the  lens  is  ufuallv  inconfi- 
derable,  the  interval  of  the  parallels'  is 
evanefeent,  and  • the  courfe  of  the  ray 
will  not  fenfibly  deviate  from  a right  line» 

24.  The  principal  focus  of  a lens  is 
thus  found  : 

Let  the  axis  L C of  llie  incident 
pencil  of  parallel  homogeneous  rays  be  a 

little; 
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little  oblique  to  A B,  the  axis  of.  the 
lens — parallel  to  L C draw  A G,  a radius 
§ Subf.  of  the  fir  ft  furface  S G, — find  § in  A G 
the  geometric  focus  X of  the  pencil  after 
its  refraction  by  that  furface,  i.  c.  the  focus 
of  the  rays  incident  upon  the  fecond 
furface  P Q^draw  X B,  the  axis  of 
thefe  incident  rays.  The  geometric  focus 
of  the  emergent  rays  is  placed  in  this 
axis,  as  it  is  alfo  in  L C,  the  axis  of 
the  original  pencil,  • the  interfeCtioh 
^ of  thofe  axes  is  the  point  fought*. 

Coroll.  I.  Hence  given  the  radii  of  the 
fpheric  furfaces,  the  principal  focus  is 
found  by  this  analogy,  A B . C B •: 
AX:  C F.  But  A B and  C B are  con.*^ 
ftanf,  by  the  hypothefis,  and  fo  alfo  is 
Al^by  StibfeB  21.  • • C F is  equal  to  the 

* As  rays  parallel  to  the  axis  F C would  be  re- 
frafted  to  the  focus  F fo  rays  diverging  from  the  focus 
F will  emerge  piirallel  to  F C,  and  ;•  to  each  other*  Vid. 
! |iote  to  Subf.  19. 

e 

"'•I  ♦ 
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C 19  ) 

focal  diftance  of  rays  that  fall  q.  p. 
parallel  to  the  axis  of  the  lens. 

Coroll  2.  Hence  it  appears  that  if  the 
radii  of  the  fpheric  furfaces  be  equal, 
the  focal  length  of  the  lens  is  equal  to 
one  of  them — for  as  I : R from  air  into 
glafs  is  found  by  experiment  to  be  as  3 
to  2,  AX  = 2 AC=:  AB,  t . . CF  = + Cor.af 

^ . Subf.  21. 

CB, 

25.  Given  the  focus  of  homogeneous 
rays  incident  on  a lens  the  geometric  focus 
conjugate  to  it  is  thus  found  : 

From  the  centre  of  the  lens  C take'^  (in  Fig.  28, 

25. 

the  axis  of  the  pencil)  F C the  principal 
focal  length  of  the  lens — from  the  given 
focus  A toward  F take  a point  L,  whofe 
diftance  from  A is  a third  proportional  to 
A F,  A C ; — L is  the  point  required.  For 
with  C as  a centre,  and  C F as  an  in- 

* Toward  the  given  focus  if  the  lens  be  convex  ; to 
the  contrary  fide  of  the  lens  if  It  be  concave. 


terval,. 


i vid. 

Note 
Subf.  24> 
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terval,  defcribe  an  arch  F G,«— a ray  § as 
G E iffuing  from  G,  will  be  rcfrafted 
into  E L parallel  to  G E the  axis  of  its 
pencil — then  becaufe  of  the  fimilar  tri- 
angles AC  G,  ALE,  A G:AC::  AE: 
A L,  but  when  the  rays  fall'q.  p.  perpen- 
dicularly, G coincides  with  F,  and  E with 
C,  • • A F i AC::  AC;  A L. 

Coroll.  Hence  given  the  principal  focal 
length  F C,  and  the  diftance  A C,  the 
focus  L is  found  by  this  analogy  derived 
from  the  laft  mentioned  proportion  by 
converfion — A F:FC::AC:  CL. 


{ 
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S ' E c r.  III. 

♦ 

Of  Colours  and  the  different  Refrangibility 

of  Light. 

9 

26.  The  origin  of  colours  is  owing  to 
the  compofition  which  takes  place  in  the 
rays  of  light,  each  heterogeneous  ray 
confifting  of  innumerable  rays  of  different 
colours — this  is  evident  from  the  fepara-  - 
tion  that  enfues  in  the  well  known  ex 
periment  of  theprifin. 

Exp.  I.  A ray  being  let  into  a darkened 
room  through  a fmall  round  aperture,- 
and  falling  on  a triangular  glafs  prifm, 
is  by  the  refraction  of  the  prifm  confide- 
rahly  dilated,  and  will  exhibit  on  the 
oppofite  wall  an  oblong  image  (ufually 
called  a fpcB/wn)  varioufly  coloured, 

whofe 


' ( ) 

whofe  extremities  are  bounded  by  femi- 
circles,  and  whofe  Tides  are  redtilinear. 
The  colours  are  commonly  divided  into 
feven,  which  however  have  various 
lhades,  gradually  intermixing  at  their 
jundure; — their  order,  beginning  from 
the  fide  of  the  refrading  angle  of  the 
prifm,  is— orange^  yellow^ 
blucj  purple^  violet.  The  obvious  con- 

clufion  from  this  experiment  is,  that  the 
feveral  component  parts  of  folar  light 
have  different  degrees  of  refraiigibility, 
and  that  each  fubfequent  ray  in  the  or- 
der above-mentioned  is  more  refrangible 
than  the  preceding — this  will  be  pre-* 
fently  more  unequivocally  evinced  ; but 
lirfl  it  is  neceffary  (for  a more  decifive 
refutation  of  objedions,  and  ftrengthen- 
ing  fome  conclufions  in  this  fubjed)  to 
attend  to  the  mixture  of  the  different 
coloured  rays  with  each  other  in  the 
fpedrum,  and  alfo  to  point  out  the  mode 
of  diminiflaing  it. 


27. 


As 


2y.  As  a circular  Image  would  be  dc- 
pidted  by  the  Tolar  ray  unrefra(Sl:ed  by 
the  prifrn,  To  each  ray  that  fulFers  no 
dilatation  by  the  prlfm  would  mark  out 

a circular  image — hence  it  appears  thc.t 

\ 

the  fpeiStrum  is  compofed  of  innumcra- 
ble  circles  of  different  colours.  The 

I 

jnixture  therefore  is  proportionable  to 

f 

the  number  ot  circles  mixed  together  ; 
but  all  fiich  circles  are  mixed  together, 
whofe  centres  lie  between  thofe  of 
two  contingent  circles,  • • the  mixture 
is  proportionable  to  the  interval  of  thofe 
centres,  i.  e.  to  the  breadth  of  the  fpec- 
trum — : — If  therefore  the  breadth  can  be 
diminifhed,  retaining  the  length  of  the 
:|redtilinear  Tides,  the  mixture  will  be  leT- 
fened  proportionably,  but  this  is  done  by 
the  following  procels^  : 

I • • 

28.  At 

* Obfcrve  here,  that  the  breadth  of*  the  fpeflrum 
15  equal  lo  a line,  which  (at  the  diflance  of  the  wall 
from  the  hpl*)  fubtends  an  angle  cqutl  to  the  appa_ 
rent  diameter  of  the  fur,  together  w'ith  another  line 

equal 
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aS.  At  a confiderable  diftance  from 

\ 

the  hole  place  a double  convex  lens 
whofe  focal  length  is  equal  to  half  that 
diftance,  and  place  the  priftn  behind  the 
lens — at  a diftance  behind  the  lens,  equal 
to  the  diftance  of  the  lens  from  the 
32-  hole,  will  be  formed  ayfpeiftrum,  the 
length  of  whofe  resftilinear  fides  is  the 
fame  as  before,  but  its  breadth  much 
lefs ; for  the  undiminiftied  breadth  was 
equal  to  a line  fubtending  (at  the  diftance 
of  the  fpedrum  from  the  hole)  an  angle 
equal  to  the  apparent  diameter  of  the 
fun,  together  with  a line  equal  to  the 
diameter  of  the  hole — but  the  reduced 
breadth  is  equal  to  the  diameter  of  the 
hole  only ; for  (as  it  will  appear  hereafter) 

equal  to  the  diameter  of  the  hole — ^for  the  diameter 
of  the  circular  unrefracled  image  would  be  equal  to 
the  fum  of  thefc  lines,  as  is  plain  from  the  figure 
31  ; therefore  the  diameter  of  the  circles  compofing 
the  fpeflrum  (i.  e.  the  breadth  of  the  fpeftrum)  fs  equal 
the  fame. 


the 


I 


( 35  ) 

the  image  of  the  hole  formed  by  the 
lens  at  the  diftance  of  double  its  focal 
length,  is  equal  to  the  hole,  * its  feveral 
images  in  the  different  kinds  of  rays  are 
equal  to  the  fame,  i.  e.  the  breadth  of 
the  reduced  fpedrum  is  equal  to  the  dia- 
meter of  the  hole. 

29.  It  may  be  objected  againft  the 
conclufion  deduced  from  the  prifmatic 
experiment  in  fubfedtion  26,  “ that  the 
length  of  the  fpe<fl;rum  arifes  from  a cafual 
difperfion  of  the  rays  in  pafling  through 
the  prifm  or  “ that  by  the  adljon  of  the 
glafs  they  are  cleft  afunder  without  any 
difference  of  refrangibility” — To  obvi- 
ate fuch  objedlions  the  following  experi- 
ments are  adduced  ; but  firft  it  is  worth 
obferving,  that  the  fides  of  the  fpedrum 
being  always  redilinear,  feem  to  denote 
a regularity  in  the  law  that  takes  place 
in  the  difperfion  of  the  rays. 


Exp. 


( ) 

, ♦ 

Exp.  I.  A prifm  ABC  placed  in  aii 
iiorlzontal  pofition,  would  project  the  ray 
into  an  oblong  form,  as  has  been  feen ; 
apply  another  hdrizontal  prifm  A D B, 
fimilar  to  to  the  former,  to  receive  the 
refra(51;ed  light  emerging  from  the  firfti 
and  having  its  refracting  angle  tiirried 
the  contrary  way  from  that  of  the  former 
fjg  2 — The  light,  after  paffing  through  both 
prifms,  will  affume  a circular  form,  Sis 
if  it  had  not  beeif  at  all  refraCted — • 
whereas  if  the  difperfiori  were  fortuitous, 
it  would  be  reafonable  to  fuppofe  that 
by  the  double  refraction  the  fpeCtrum 
would  be  cbnftderahly  lengthened; 


E:icp.  2.  If  the  light  emerging  from 
the  firft  prifm  be  received  by  a fecond 
vvhofe  axis  is  perpendicular  to  that  of 
the  former,  it  will  be  refraCted  by  thii 
tfanfverfe  prifm  into  a pofition  inclined 
to  the  former,  the  red  extremity  being 
lead  and  the  violet  moft  removed  from 
its  former  pofition  ; but  It  will  not  be 


at 
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at  all  altered  in  breadth — whereas  if  the 
difperfion  proceeded  from  a divifion  of 
the  rays  into  others  of  the  fame  kind 
by  the  a(ftion  of  the  glafs,  the  image 
formed  by  the  fecond  prifm  would  be 
fquare,  each  ray  in  the  firft  fpe61rum 
being  as  much  dilated  (on  this  hypothe- 
fis)  by  the  refradlion  of  the  tranfverfe 
prifm,  as  the  folar  ray  was  by  the 
re£ra<5tion  of  the  firft  prifm.  But  left 
objed-ions  fhould  be  made  concerning 
the  inequality  of  the  incidences  of  the 
.different  coloured  rays  on  the  fecond 
prifm  in  this  experiment,  the  following 
decifive  experiment  will  demonftrate 
unquefiionably  that  the  different  homo-? 
geneous  rays  are  differently  refrangible. 

' Exp.  3.  Clofe  to  the  prifm  place  a 
perforated  board,  and  let  the  refraded 
light  {having  paffed  thro’  the  fmall  hole) 
be  received  on  a fecond  board  parallel 
to  the  firft  and  perforated  in  like  manner; 
behind  that  hole  in  the  fecond  board 
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place  a prifrn,  with  its  refra(^tifig  angle 
downward — turn  the  firft  prifrn  flowly 
about  its  axis,  and  the  light  will  move 
up  and  down  the  fecond  board  * ; let 
the  colours  be  tranfmitted  fucceffively, 
and  mark  the  places  of  the  different 
coloured  rays  on  the  wall  after  their 
refraction  by  the  fecond  prifrn — the  red 
will  appear  lowed,  the  violet  higheft, 
. the  reft  in  the  intermediate  places  in 
order.  Here  then  the  light  being  very 
much  fimplifiedf,  and  the  incidences  of 
all  the  rays  on  the  fecond  prifrn  exaCtly 
the  fame  ; the  red  was  lead  refraCted,  the 
violet  mod,  &c.  X 


* Vid.  Newton’s  Left-  Opt.  P.  i . Se£t.  4. 

f For  in  this  experiment  the  diameter  of  the  coloured 
circles  is  reduced  to  the  diameter  of  the  hole,  as  in  Subf. 
28.  -Vide  Newt.  Opt.  P.  i.  Prop.  2. 

;J;  N.  B.  No  fenfible  alteration  takes  place  in  the 
appearance  of  any  one  of  the  colours  by  the  refradlion  of 
the  fecond  prifrn,  nor  even  if  any  number  of  others  be 
applied  to  receive  it  fuc.  eQivelv. 


30.  The 
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30.  The  permanency  of  thefe  origi- 
nal colours  appear  from  hence,  that 
they  fuffer  no  manner  of  change  by  any 
number  of  refraO:ions,  as  is  evident  from 

I 

the  laft  mentioned  experiment ; nor  yet 
by  reflexion — for  if  any  coloured  body 
be  placed  in  fimplified  homogeneous 
flght,  it  will  always  appear  of  the  fame 
colour  of  the  light  in  which  it  is  placed, 
whether  that  differ  from  the  colour  of 
the  body  or  not — e.  g.  if  ultra-marine 
and  Vermillion  be  placed  in  a red  light, 
both  will  appear  red ; in  a green  light, 
green,  in  a blue  light,  blue,  See. — It  is 
however  to  be  allowed,  that  a body  ap- 
pears brighter  when  in  a light  of  its  own 
colour  than  in  another — and  frorn  this’ 
we  fee  that  the  colours  of  natural  bodies 
arife  from  an  aptitude  in  them  to  refled: 
fome  rays  more  copioufly  and  ftrongly 
than  others — but  left  this  pheenominen 
Ihould  produce  a doubt  of  the  conftancy 
of  the  primary  colours,  it  is  proper  to 

C aflign 
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allign  the  reafon  of  it,  which  is  this, — 
that  when  placed  in  its  own  coloured 
light,  the  body  refle(51s  the  rays  of  the 
predominant  colour  more  ftrongly  than 
any  of  thofe  intermixed  with  it  •/  the 
proportion  of  the  rays  of  the  predomi- 
nant colour  to  thofe  of  the  others,  in  the 
refledted  light,  will  be  greater  than  in 
the  incident  light — but  when  the  body* 
is  placed  in  a light  of  a different  colour 
from  its  owm,  for  a fimilar  reafon  the 
contrary  effedt  will  follow,  i.  e.  the  pro- 
portion of  the  predominant  colour  to 
the  others  will  be  lefs  in  the  refledted 
than  in  the  incident  light,  and  there- 
fore as  its  fplendour  would  be  greater 
in  the  former  cafe,  and  would  be 
lefs  in  the  latter  than  if  all  the 
rays  were  equally  refledfed,  the  fplen- 
dour of  the  predominant  colour  will  be 


* For  in  prifmatic  light,  however  decompounded, 
fome  mixture  will  always  remain. 


much 
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hiiich  greater  in  the  former  cafe  than  ini 
the  latter. 

31.  As  a folar  ray  was  feparated  intd 
feveral  others  of  different  colours,  fo  on 
the  contrary,  from  thofe  homogeneous 
rays  a ray  of  heterogeneous  light  may 
be  compounded,  perfedlly  correfponding 
both  ip  appearance  and  properties  with 
the  folar  rays. 

Exp.  The  coloured  rays  diverging 
from  the  prifm  are  received  by  a double 
convex  lens,  at  the  diftance  of  twice  its 
focal  length  from  the  whole — at  the  fame  ^'^2*  3^* 
diftance  * behind  the  lens,  wdiere  they  * Vide 
are  collected  by  its  refradlion,  they  are 
received  on  a fecond  prifrn,  whofe  re- 
fradting  angle  is  equal  to  that  of  the 
former  ; the  divergence  of  the  homoge- 
neous rays  that  would  otherwife  enfue, 
is  counteradled  by  the  fecond  prifm  and 
they  are  made  to  proceed  parallel  to  each 

’v 

other  from  the  place  of  their  interfedlion, 

G 2 and 
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and  therefore  are  all  compounded  and 
mixed  together  in  the  emergent  ray  A B, 
which  is  exadlly  of  the  fame  appearance 
with  the  folar  rays,  and,  by  experiments 
made  on  it  fimilar  to  thofc  ufually  made 
in  folar  light,  is  found  to  poflefs  the  fame 
properties, 

32.  Since  then,  ift,  A folar  ray  may 
be  refolved  into  feveral  differently  colour- 
ed rays  ; idly,  Since  their  colours  are 
immutable  either  by  reflexion  or  refrac- 
tion, and  therefore  probably  not  gene- 
rated in  thofe  operations ; andjdly.  Since 
from  the  mixture  of  thofe  coloured  rays 
folar  light  may  be  formed,  it  Teems  an 
indifputable  conclufion,  that  the  differ- 
ently coloured  rays  do  exift  in  folar 
light  previous  to  any  feparation  that  takes 
place  in  experiments. 

33.  White  is  compounded  of  all  the 
primary  colours  mixed  in  their  due  pro- 
portions—-for  if  a folar  ray  be  feparated 

by 
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by  the  prifiii  into  its  component  parts,  ’• 
and  at  a proper  diftance  a lens  be  fo 
placed  as  to  colledl  the  diverging  colour- 
ed rays  again  into  a focus,  a paper  placed 
peipendicularly  to  the  rays  in  this  point 
will  exhibit  whitenefs. 

The  lame  conclufion  may  be  drawn 
from  the  experiment  of  mixing  together 
paints  of  the  fame  colours  as  the  parts  of 
the  fpecStrum,  and  in  the  fame  proportion ; 
the  mixture  will  be  w^hite,  though  not  of 
a refplendent  whitenefs — becaufe  the  co- 
lours mixed  are  lefs  bright  than  the  pri. 
mary  ones — and  the  reafons  why  they  are 
fo  are  thefe, — ilf,  l hat  coloured  bodies 
abforb  a great  deal  of  the  light  incident 
on  them  ; :2dly.  That  as  they  refledl  all 
kinds  of  rays  the  luftre  of  the  predo-  * Sul»r. 

• O 

minant  colour  is  diminilhed  by  the  mix- 
ture  of  the  others. 

Black,  and  all  grey  colours  are  of  the 
fame  fpecies  of  white  j for  white,  if 

placed 
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placed  in  a deep  fhade,  approaches  in 
appearance  to  black. 

Exp.  4.  On  the  contrary,  if  grey  colours  are 
ftrongly  illuminated,  they  appear  of  a 
full  whiteiicfs,  whence  it  follows  that 
they  only  differ  in  the  quantity  and  not 
in  the  kind  of  light  which  they  refledl. 

Exp.  5.  And  black  when  ftrongly  illumina- 
ted, and  viewed  through  a prifm,  ap- 
pears tinged  at  the  edges  with  prifma- 
tic  colours,  fuch  as  would  appear  at 
the  edges  of  a white  body  in  the  fame 
circumftances. 

If  in  the  light  refledted  from  a body, 
the  other  colours  bear  a very  great  pro. 
portion  to  the  principal  one,  a fenfible 
change  is  produced  in  its  fpecies,  and  a 
compound  colour  arifes — hence  the  varie- 
ties in  the  colours  of  natural  bodies*. 

* A variety  of  compound  colours  may  be  gene- 
rated by  intercepting  one  or  more  of  the  prifmatic 
Colours  at  tlfe  lens  (in  the  firft  Exp.  of  Subf.  33.) 
the  colour  exhibited  at  the  focus  will  be  compounded  of 
the  rema'ncicr. 
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34*  As  the  colour  of  a body  therefore 
proceeds  from  a certain  combination  of 
the  primary  rays  which  it  refiedis 
the  combination  of  rays  flowing  from 
any  point  of  an  objetSt  will,  when  col- 
lected by  a glafs,  exhibit  the  fame  com- 
pound colour  in  the  correfponding  point 
of  the  image — hence  appears  the  reafon 
why  the  images  formed  by  glafles  have 
the  fame  colours  of  the  objeCts  they  re- 
prefen t f , 

f N.  B.  The  images  of  the  points  of  an  obje<5ir 
are  at  the  geometric  foci  q.  p.  for  the  rays  colle«aed  into 
a given  {pace  there  are  far  more  in  number  than  thofe 
colleded  into  an  equal  fpace  at  the  foci  of  the  oblique 

pencils. Vide  Barrow’s  Le<fl.  Opt.  Letil.  4.  from 

Art.  15  to  20,  inclufire. 
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SECT.  IV. 

Of  the  Images  of  Obje&i  formed  by 
Refexion  and  Ref r allion, 

35.  Jf  a B befuppofcd  aaobjed:,  and 
C.D  its  image,  formed  by  a plane  fpecu- 
lum  ; I hey  f^all  be  equally  difant  from 
the  fpeculum^  at  oppofite  ftdes  \ 2.  They 
fo  all  be  equal;  3,  Andfimilarly  fituated, 
Fig.  37.  For,  I.  The  geometric  foci  of  rays  flow- 
ing from  thefevcral  points  of  the  objed:, 
are  at  the  fame  diflances  from  the  fpccu- 
luin  on  one  ude,  as  their  correfponding 
;}  SuL-f.  points  are  on  the  other,  § • • the  image 
CD,  and  objed  AB,  arc  at  equal  dif- 
tances  from  the  fpeculum  at  oppofite 
Tides. 


\ 


2.  Draw 


V 


( 37  ) 

2.  Draw  L B and  L D,  becaule  of  the 
equal  triangles  L B F,  L FD,  L B = 
L D ; and  taking  from  two  right  angles 
the  equals  F L.  D,  F L B,  the  angle  CL  D 

I'  A L B,  and  becaufe  C L ==  A L,  the 
triangle  C L D = A L B,  • • C D =*  A B. 

3. ’  Becaufe  the  axes  of  the  different 
pencils  never  mterfeO;  each  other,  thepo- 
fition  of  the  different  points  in  the  image 
is  fimilar  to  that  of  the  correfponding 
points  of  the  objecl;  with  refped:  to  each 
other,  ■ • the  objedf  and  its  image  are 
funilarly  fituated. 

36.  If  an  objedt  A B be  placed  in  a 
denfcr  medium,  its  image  formed  by  the 
plane  refradting  furface  is,  i.  Nearer  to 
the  furface  than  the  object ; 2 . Is  lei's 
than  the  objeli  ^except  when  this  is 
parallel  to  the  furface  j ; 3.  And  is  funilarly 
placed  §. 

$ “ The  contrary  of  the  two  firft  of  thefe  heads  is 
true  in  the  cafe  of  a refrv'nSlon  made  from  a rarer  medium 
itto  adenfer.” 

For 
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^ig‘  For,  I.  T!ie  diftances  of  the  points  of 

39-  the  image  from  the  furface  are  to  the 
diftances  of  the  correfponding  points  of 
§ Vide  ^he  object  from  the  fame  § as  I ; R,  that 
^ubf.  19.  in  a ratio  of  leifer  inequality,  • • the 
%'39-  image  is  nearer  to  the  furface  than  the 
object. 

2.  If  the  objcd;  A B be  oblique  to  the 
furface,  the  image  C D (intercepted  be- 
tween the  fame  perpendiculars  A L,  B F,) 
fhall  be  more  * oblique  to  the  furface, 
and  * • lefs  oblique  to  the  perpendiculars 
A L and  B F,  and  therefore  lefs  than  the 
object  A B. 

3.  As  the  axes  of  the  different  pencils 
do  not  ever  intei fed  each  other,  the  po- 
fitionof  the  points  in  the  objed  will  be 
fimilar  to  the  pofition  of  the  correfponding 
points  in  the  image. 

* For  as  A L : C L (R ; 1 ::)  D F : D F,  by 
Subf.  19,  (dlvidendo  & alternando)  AC:  BD:: 
A L : B F,  i.  c.  A C is  Jefs  than  B D,  ..  c D is  mor^ 
oblique  to  the  furface  than  A B. 

[ft 
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[It  is  eafy  to  transfer  thefe  demonttra-* 
tlons  to  the  cafe  of  refract  ion  out  of  a 
rarer  into  a denfer  medium.  J 

37.  I.  The  mean  * difiance  of  an  image 
formed  by  a fpheric  fpeculum  from  tlie 
principal  focus  is  a third  proportional  to 
the  dijlances  of  the  ohjedl  and  centre  from 
the  fame  fociis — for  the  diftances  of  the 
feveral  points  in  the  imjge  from  the 
points  of  bife£tion,  in  the  refpedtive 
radii  that  coincide  with  the  axes  of  the 
pencils,  are  third  proportionals  to  the 
diftances  of  the  correfponding  points  in 
the  obje<ft:,  and  of  the  centre  from  the 
fame  points  of  bifedtion  refpedively  1|  • • 

I the  mean  diftance  of  the  image  is  a third 
j proportional,  &c. 

2.  Ihe  lineal  mag  flit  ude  of  the  objcdl 
J.  M,  is  to  that  of  the  image  F D,  as  their 

* The  mean  diftance  of  an  ohjed  from  a fpheric 
fpeciilQin  ot  lens,  is  the  diftance  of  its  middle  point  from 
the  voitex  of  the  former,  or  centre  of  t’.e  latter- 


Fig-  4o» 
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II  Vide 
SuLf.  20), 
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mean  dijlances  from  the  centre  refpeBive- 
ly,  q.  p». 

For  as  they  arc  bafes  of  fimilar  trian- 
gles C F D,  C L M,  they  lhail  be  as  the 
fidesCF:  CL,  or  C P : CCL 

3.  T’heir  pufitions  are  fimilar  when  they 
are  on  the  fame  fide  of  the  centre ; dijfimtlar 
when  on  contrary  fide  s* 

For  the  axes  of  the  feveral  different 
pencils  interfe(^l;  each  other  in  the  centre, 
\ • the  images  of  the  different  points  in 
the  objedt  lie  at  the  fame  tide  of  the  axis 
of  the  fpeculum  with  the  points  them- 
felves  in  the  former  cafe,  and  at  the 
contrary  fide  in  the  latter. 

38.  Hence  the  images  formed  by  all 
convex  fpeculums  are  in  pofitions  fimilar 
td  thofe  of  their  objedts  ; as  alio  thofe 
formed  by  concave  fpeculums,  wiien  the 

The  image  does  not  accurately  correfpond  in  form 
with  the  obje(fl,  for  it  is  affected  by  the  curvature  of  the 
fpeculum. 

objedl 
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obje£l;  Is  between  the  furface  and  the 
principal  focus  : — in  thefe  two  cafes  alfo 
the  image  is  only  imaginary,  as  the  re- 
fledled  rays  never  come  to  the  foci  from 
whence  they  feem  to  diverge.  In  all 
other  cafes  of  reflexion  from  concave 
fpcculums,  the  images  are  in  pofitions 
contrary  to  thofe  or  their  objects,  and 
thefe  images  are  real,  for  the  rays  after 
reflexion  do  come  to  their  refpedbive  foci. 

— Thefe  things  are  clearly  evident  on 
infpediion  of  the  figures,  from  the  princi- 
ples premifed. 

39.  I . 'I'he  mean  diftance  of  an  image 
(formed  by  a lens)  from  the  objed:  is  a 
third  proportional  to  the  mean  dijlances  of  Fig,  4,2 
the  objeBj  from  the  principal  focus  ^ and  the 
centre  of  the  lens  \ (the  principal  focus  be- 
ing taken  at  the  fame  fide  of  the  lens 
with  the  objed,  if  the  lens  be  convex, 
but  on  the  contrary  fide,  if  it  be  concave). 

For  the  diftanccs  of  the  feveral  points  in 
the  image  from  the  correfponding  points 


in 


* Vide 
Subf.  24. 


Fig.  24, 
43>  4^ 
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in  the  obje6):,  are  third  proportionals  to 
the  diftances  of  thefe  points,  from  the 
geometric  foci  of  parallel  rays  *,  (taken 
in  the  axes  of  the  refpedive  pencils  as 
above  dired;ed)  and  from  the  centre  of 
the  lens  \ therefore  the  mean  diftance  is  a 
third  proportional,  &c. 

2.  The  lineal  magnitudes  of  the  ohjedl  and 
image  are  refpeBively  as  their  di/lances 

from  the  centre  of  the  lens, 

Becaufethe  axes  of  the  extreme  pen- 
cils interfedl  each  other  in  the  centre, 
the  lineal  magnitudes  are  the  bafes  of 
fimilar  triangles,  • they  fhall  be  as  the 
Tides,  that  is,  as  the  mean  diftacces  front 
the  centre. 

3.  The  image  and  ohjeEl  are  Jimilarly 
ftiiated^  if  both  at  the  fame fide  of  the 

lens — difimiiarly^  if  at  oppojite  fides. 

Becaufe  as  .the  axes  of  the  extreme 
pencils  interfed  each  other  at  the  centre 
of  the  lens,  the  points  of  the  object,  and 
the  correfponding  points  of  the  image, 

lie 
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lie  at  the  fame  fide  of  the  axis  of  the  lens  Fi 
in  the  former  cafe,  and  at  oppofite  fides 
of  it  in  the  latter,  • • &c. 

40.  Hence  any  images  formed  by  a 
concave  lens,  or  thofe  formed  by  a con- , 
vex  lens  where  the  objed;  is  within  its 
principal  focus,  are  in  the  fame  pofition 
with  the  obje<Sts  they  reprefent  — they 
are  alfo  only  imaginary^  for  the  refratff  ed 
rays  never  meet  at  the  foci  whence  they 
feem  to  diverge. 

But  the  images  of  objeds  placed  be- 
yond the  focus  of  a convex  lens  are  re.- 
verfed,  and  alfo  real,  for  the  refradted 
rays  do  meet  at  their  proper  foci. 
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SRC  T.  • V. 

Of  the  Eye  and  the  Nature  efVifmn. 


41.  J HE  eye  is  nearly  of  a fpherical 
lhape,  and  is  compofed  of  three  different 
fubftances,  called,  Aqueous  \ 2d, 

the  Chryjialline  ; and  3d,  the  Vitreous  hu- 
mours, enclofed  by  three  principal  coats, 
which  are  formed  by  the  expanfionof  the 
different  component  parts  of  the  optic 
nerve,  viz.  the  ^ Sclerotica^  S ; 2d,  the 
Ch oroides  D D ; and  3d,  the  Retina  T T. 

Pig.  45.  The  Sclerotica  is  outer moft  ; it  is  very 
ftrong,  and  the  fore-part,  which  is  tranf-. 

* Over  the  Sclerotica  is  fpread  the  tunica  ad" 
nata,  which  forms  what  is  commonly  called  the; 
white  of  the  eye ; it  is  inferted  into  the  Sclerotica  at 
the  Cornea  ; but  is  not  reckoned  properly  a part  of  the 
eye. 


parent' 
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parent  and  fomewhat  prominent,  is  called 
the  Cornea.  C. — The  Choroides  is  next  in 
order,  and  has  a circular  perforation  P, 
called  the  Pupil* ^ immediately  behind  the 
thiddle  bf  the  Cornea  : — 'the  part  II.  of  the 
Choroides  vifible  behind . the  Cornea  is 
flat;  it  is  called -the  /nV,  otUvea^  and 
is  differently  coloured  in  different  perfons. 
The  Retina  is  the  inmoft  coat,  it  extends 
round  the  eye  hill  it  meets  the  ciliary 
ligaments  Qj^  membranes  proceeding 
from  the  Choroides-,  and  attached  to  the 
capfula  or  filament^  which  enclofes  the 
Chryftalline  humour  R. — TheChryftal- 
line  is  the  moft  denfe  of  the  three  hu- 
mours, and  is  in  the  fliape  of  a double 
convex  lens,  whofe  fore-part  has  the  lefs 
curvature  ; the  cavity  between  the  cornea 
and  the  Chryftalline  is  occupied  by  the 
aqueous  humour,  which  has  rather  the 

* The  pupil  is  capable  of  contraflion  and  dilata- 
tion, which  are  ufeful  to  pro'curc  greater  diftindtnefs 
and  fplcndour  in  the  pidure  on  the  R:ilna,  when  either 
ss  required. 

lead: 
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lead  denfity  of  the  three,  and  the  fpacc 
between  the  bottom  of  the  eye  and  the 
Chryftalline  is  filled  by  the  vitreous  hu- 
mour V. 

* ^ 

42.  Objed;s  prefented  to  the  eye  have 
their  images  painted  on  the  back  part  of 
the  retina,  the  rays  of  the  incident  pen- 
cils converging  to  their  proper  foci  there 
by  the  refradion  of  the  different  hu- 
mours : — and  for  this  office  they  arc  admi- 
rably adapted ; for  as  the  diftance  between 
the  back  and  front  of  the  eye  is  very 
fmall,  and  the  rays  of  each  of  the  pen- 
cils that  form  the  image  fall  ^parallel,  or 
elfe  diverging  on  the  eye,  a ftrong  rc- 
fradive  povrer  is  neceffary  for-  bringing 
them  to  their  foci  at  the  retina — but 
each  of  the  humours,  by  its  peculiar  form 
and  denfity,  contributes  to  caufe  a con- 
vergence of  the  rays ; — the  aqueous  from 
its  convex  form  ; the  Chryftalline  by 
its  double  convexity  and  greater  denfity 

than 
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than  the  aqueous  * ; and  the  Vitreous  by 
a 1 rfs  denfity  than  the  ChryftaUinc  joined 
to  its  concave  form. 

Thefe  things  are  rtianifeft  from  Subf. 
2ift  and  2zd.  The  ftrudtureof  the  eye 
is  in  general  adapted  to  the  reception  of 
parallel  rays— But  at  the  diftances  of 
vifible  objedts  are  various,  fo  the  eye  hat 
powers  of  accommodating  itfelf  to  rays 
j proceeding  from  different  diftances,  by 
1 altering  the  diftance  of  the  ChryftaUinc 
from  the  retina  f,  which  is  done  by  the 
action  of  the  ciliary  ligaments. 

) D 2 43.  That 

* Befide  this  the  ChryftaUinc  is'  much  oiore  denfe 

toward  the  middle  than  toward  the  edges,  by  whic& 

opeans  the  rays  of  any  pencil  that  fall  oa  the  middle^ 
r* 

and  therefore  almoft  perpendicularly,  arc  brought  t» 

T ’ V ^ 

their  focus  as  foon  as  thofe  that  fall  toward  the  edges^ 
and  therefore  more  obliquely—  the  excefs  of  refraftioii 
irifingfrora  the  greater  denfity  toward  the  centre  fupply- 
Ing  the  defe(5b  from  the  want  of  obliquity  in  the  inci- 
4ence. 

t This  IS  amply  proved  by  Dr.  forterlicld,  in  his 
sroatife  «b  the  eye ; whora  if  is  Ihe.wn  that  in  coaft- 

^aaoce 
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43,  lhat  this  change  of  fituation  in 
the  Chryftalline  is  adequate  to  fuch 
accommodation  may  be  thus  fhewn. — 
Suppofe  a pencil  of  rays  to  diverge  trom 
a point  A,  at  a diftance  from  the  eye  lels 
than  that  which  admits  diftindl  vifion  in 
the  ufual  fituation  of  the  humours  ; — the 
rays  would  come  to  a focus  V behind  the 
retina  L M ; — Let  the  Chryftalline  O P 
be  brought  forward,  and  C V the  diftance 
of  the  focus  from  the  Chryftalline  will 
be  increafed  :|:  j but  (becaufe  of  the  great 

quence  of  tfte  change  of  place  that  the  Chryftalline 
fufFers,  there  will  alfo  enfue  an  alteration  in  the 
lhape  of  the  Cornea,  which  contributes  to  produce 
(he  efFeft  required.  To  this  latter  cafe  folely  it  is 
attributed  by  Dr.  Helfliam  ; but  Dr.  PorterfieiJ’s 
fyftem  feems  much  better  fupported  and  more  con- 
vincing. 

f By  Cor.  to  Subf.  25,  we  have  this  proportion, 
A F : AC::  Fj.C  : C G,  but  if  the  lens  be  mored 
nearer  to  A,  the  proportion  of  A F to  A C will  be 
diminiflted,.  and  ” the  proportion  of  F C to  C G will 
be  diminilhed  alfo  ; and  •;  as  F G is  conftant,  C G 
will  be  encreafed. 
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proportion  that  A C the  rmalleR  diftancc 
that  admits  cliRindt  vifion  has  to  F C tlie 
focal  length  of  the  Chryftalline,]  the  dif- 
tance  C G of  the  Chryftalline  from  the 
retina  will  be  more  encreafed  * than  C V*, 

I 

fo  that  C G and  C V may  become  equal, 
and  thus  the  focus  made  to  fall  exafbly 
'cn  the  retina.-  The  cafe  of  viewing  re- 
•mote  objedls  need  not  be  confidered,  as 
the  common  ftriuftiire  of  the  tye  is  adap- 
ted to  the  admiftion  of  rays  coming  from 
diftant  points-^^but  if  it  were'neccflary  to 
Fe  explained,  theconverfe  ofthisrealon- 
•ing  would  apply  to  it. 

Thcfe  powers  of  accommodation  are 
however  limited ; and  the  fight  is  faid 
'to  be  perfect  when  the  eye  can  adapt 
•itfelf  to  any  diftance  within  the  ufual 
’’limits — ^and  when  it  cannot  vifion  is  iu- 
diftindt. 

* 

* e.  g.  Let  A C be  = ic,  and  F C be  = 3 ; then 
AF=  12,  and  C V = 3^.  Dimlnini  A F and  AC 

4 

by  3,  and  CvV  will  be  = 4 ; i.  e.  the  Jnereafe  of  C G 
will  be  3,  while  that  of  C V is  only  ? 
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44.  Defedive  fight  anfes  from  an  in- 
capacity of  altering  the  pofition  of  the 
Chryfialline  within  the  ufual  limits. — 
j.  When^it  cannot  be  brought  clofe 
enough  to  the  cornea,  near  objeds  ap- 
pear indiftind — to  this  defed  people  in 
years  are  generally  fubjed.  2.  Where 
g the  Chryftallinc  cannot  be  drawn  fuffi- 
ciently  near  to  the  retina,  rernote  qbjed* 
appear  indiftind — this  is  the  defed  under 
which  Myopes  or  fhort-fighted  people 
labour.  In  each  of  thefe  cafes  the  iniages 
pf  the  different  points  in  the  objed  would 
be  diffufed  over  fmall  circles  on  the  rcti- 
na;  and  fo  being  interrnixed' and  ccri' 
founded  with  each  other,  would  there 
form  a very  confufed  pidure  of  the  objed: 
for  in  the  forpier  cafe,  the  image  of  any 
point  would  be  formed  behind  thq  retina, 
as  the  refradion  of  the  eye  is  not  fuffi- 
eiently  ftrong  to  bring  the  rays  (diverging 
fo  much  as  they  do  in  proceeding  from  a 
near  point)  to  a focus  at  the  retina. 

This 
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This  ddedi  will  therefore  be  remedied  by 
a convex  glafs,  which  makes  the  point 
whence  the  rays  now  proceed  more  dil- 
tant{  than  the  object ; •.  * the  rays  falling  on  j vide 
the  eye  fhall  now  diverge  lefs  than  before > 
or  elfe  be  parallel*,  and  • (hall  be  brought 
to  a nearerfocus,  viz.  at  the  retina. 

In  the  latter  cafe  the  image  is  formed 
before  the  retina,  becaufe  the  refractive  vjg. 
power  of  the  eye  is  too  great  to  permit 
rays  fo  little  diverging  (as  they  do  in  pro- 
ceeding from  a diftant  point)  to  reach 
the  retina  before  they  are  coliedted  into  a 
focus — in  this  cafe  the  dcfedl  is  fup- 
plied  by  a concave  glafs,  wliich  makes  the 
point  where  the  rays  diverge,  nearer  j ^ vide 
than  the  objedt ; • the  rays  filling  on  the 
eye  will  now  diverge  more  than  before, 
fo  as  when  vefradlcd  through  the  humours 
not  to  come  to  their  focus  before  they 
reach  the  retina. 


* Provided  the  diflance  of  the  ol>je<fV  fiom  the  lens 
be  nor  greater  tiiain  its  focal  length. 

Spe(?Lacl€5- 
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Spedacles  are  coiiftruded  on  the  above 
principles,  concave  for  fliort-fighted,  and* 
convex  for  long-fighted  people. 

The  theory  of’  adapting  the  curvature 
of  the  glafles  to  the  different  degrees  and 
kinds  of  defective  fight  is  laid  down  very 
clearly  by  Dr.  Hellliam,  in  his  chapter 
on  Dio’"*"-;'  • ' , * 
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. « % 

0/  the  apparent  Magnitude^  Situation^ 
and  Dijlaitce'  of  Ohjtids. 

) 

♦ 

45-  The  apparent  magnitude  * of  ob- ^ 
jeds,  whether  feen  by  the  naked  eye,  or 
with  glades,  is  always  proportioned  to  p,g_ 
the  magnitude  of  the  image  on  the  retl-  ' 
na,  i.  e.  to  the  angle  formed  by  the  axes 
of  the  extreme  pencils  that  enter  the 
pupil,  q,  p. 

Hence  the  apparent  magnitude  of  any 

• W*  V ' 

body  will  be  inverfeiy  as  its  diftance 
from  the^eye,  .and  dircdly  as  its  real  mag- 
nitude; — and  as  the  appearance  of  any 
objed  feen  with  one  or  more  glalfes  is 
the  fame  as  that  of  its  laft  image  to  the 

* N.  B.  When  magnitudes  are  fpoken  of,  the  lineal 

I 

magnitudes  are  to  be  underiVood,  unlefs  the  contrary  is 
sxprefied, 

nailed 

/ 


\ 
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naked  eye,  “ the  apparent  magnitude  of 
an  object  feen  with  one  or  more  glajfei  is  as 
the  real  magnitude  of  the  lajl  image  dire&lyy 
and  as  its  dlftanct  inverfely.^* 

46.  Hence  objeds  feen  through  coiicave- 
or  convex  ienfes,  where  the  eye  is  at  the 
lens — or  in  a concave  mirror  when  * the 
eye  is  at  the  centre  of  the  fphere,  appear 
' of  the  fame  fize  as  they  do  at  the  naked 
eye — for  in  thefe  cafes  the  magnitude  of 
the  objedl  is  to  that  of  its  image  as  their 
diftances  from  the  eye. 

The  apparent  magnitude  of  an  6bje6l 
feen  by  the  naked  eye  is  like  wife,  equal 
to  its  apparent  magnitude  feen  with  a 
glafs,  where  rhe  objed;  is  adjacent  to  the 
glafs — ^for  in  this  cafe  the  image  and  ob- 
ject coincide,  as  is  eafdy  feen  from  Subf, 
37,  and  Coroll,  of  Subf.  25.  But(theob- 

* N.  B.  In  the  cafes  where  the  image  and  obje<5l  ate 
at  different  fidcs  of  the  centre  of  the  glafs  the  objeft 
appears  of  the  fame  magnitude  that  the  image  would  if 
tiewed  by  the  eye  turned  toward  it,  as  is  explained  in  a 
fubfec^uent  note. 

jea 


jcft  being  at  Tome  diftance  from  the  glafs) 
fuppofe  the  eye  to  be  removed  beyond  the 
convex  lens,  or  centre  of  the  fpheric  con, 
cave,  and  whatever  be  the  diftance  of  the 
object  from  the  glafs  it  will  appear^  mag- 
nified in  every  cafe  except  one  for  the  ^ 

' . : ^ /the  next 

image  is  to  the  object  in  a greater  ratio  page 
than  that  of  their  refpe<ftive  diftances  Fig.  5 j, 
from  the  eye,  whenever  they  are  at  the 
Tame  fide  of  the  lens  or  centre  of  the  fphet. 

I ric  furface  i-r-and  alfo  when  they  are  at 
' different  Tides  of  it,  if  the  eye  be  between 
I the  image  and  the  lens,  or  centre  of  the  54* 

* The  reverfe  1*3  true  with  refpsifl  to  a concave  lens, 
fof  ifboth  the  eye  and  objevH  be  teuioyrd  from  the  lens, 

^ the  objefl:  will  always  appear  dlminiilied. 

f It  is  proper  to  observe  that  in  this  cafe  the  objeft 
appears  of  the  fame  magnitude  that  the  image  would  if 
the  eye  yiewed  It  diredtly  from  C-  for  the  extremities 
i of  the  objedl  are  fetn  in  the  direflion  of  L C and  M C, 

I tlie  principal  viluai  ravs  of  their  refpedive  pencils ; 

V * but  thefe  rays  form  an  angle  equal  to  the  angle 
: formed  by  R C,  the  rays  in  whofe  diredions  the 

extremitiei'  of  the  ima^  would  appear  If  the  eye  viewed 
it  from  C dircdly.  7 

fpheric 
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’‘g-  57*  fphcric  furface  ; or  if  the  eye  be  beyond 
the  imag3,  if  this  be  greater  than  or 
equal  to  the  objecl; — or  even  though  it 
be  lefs,  while  the  eye  is  within  a certain 
diilancc  ; for  in  all  thefe  cafes  the  image 
is  to  the  object  in  a greater  proportion 
than  the  refpedtive  diftance  from  the 

* eye ; therefore  in  all  thefe  cafes  the 
object  will  appear  magnified.- — But  if  the 

cdr  eye  recedes  ftill  farther  from  the  image, 
the  object  will  firft  appear  in  the  glafs  of 
the  fame  magnitude  as  it  would  .to  the 
naked  eye,  and  afterwards  appear  dimi- 

• nifhed — foi  the  image  and  object  firft 
become  proportionable  to  their  diftances, 
and  after  this  the  image  is  to  the  obje<3: 
in  a proportion  lefs  than  that  of  their 
refpeiftive  diftances. 

'■  By  a proper  application  of  the  rule  at 
the  end  of  the  preceding  Subfeflion, 
which  the  principles  premifed  will  eafily 
direfl  us  to,  we  may  in  all  cafes  find 
when  an  objedl  will  appear  magnified, 
and  when  diminiftied. 


47.  The 
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4y%  The  pi£lures  of  objedls  feen  by  the 
naked  eye  are  Inverted  on. the  retina  ■j', 
blit  the  objeds  appear  ered. — Various 
foliitions  are  given  for  this  apparent 
repugnance  between  the  caufe  “jnd  effed^ 
among  which  the  following  feems  to 
the  moft  natural. 

Inverfe  or  dired  pofition  is  orily  the 
different  fituatlon  of  objeds  .with  refped 
to  the  earth  ; when  the  earth  therefore, 
in  vifion,  fuffers  the  fame  change  of 
fituation  with  the  objeds,  the  relative 
pofition  of  ihefe  with  refped  to  the  earth 
remains  unaltered,  i.  e.  objeds  are  feen 
cred  whofe  pidures  are  inverted  on  the 
retina;  and,  on  the  contrary,  thofe  ob- 
jeds appear  inverted  whofe  pidures  are 
ered  on  the  retina. 

f Experience  Ihews  this  to  be  fa6t — for  the  images 
of  external  objefts  appear  inverted  on  the  retina  of  the 
eye  of  an  animal,  when  it  is  turned  toward  the  light 
and  dripped  of  the  outfide  coats.  It  is  accounted  for  in 
theory  in  the  fame  manner  as  the  inverfion  of  the  images 
formed  by  a convex  lens. 

Hence 


I 


I 
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Hence  an  objed  feen  through  a con- 
cave lens  always  appears  ered,  for  itii 
$ Subf.  image  is  ered§,*  •the  pidure  on  the  retina 
is  inverted,  • • the  ohjed  appears  ered— ^ 
The  fame  reafoning  and  conclufion  will 
apply  to  ^ rC  cafe  of  objeds  feen  in  a con- 
vex fpeculum — and  alfo  to  that  of  objeds 

feen  through  a convex  lens  or  in  a con- 
* 

cave  fpeciilijm  when  the  image  is  imagi- 
f Subf.  nary  (i.  e.  j*  when  the  objed  is  placed 

j I 

within  the  principal  focus)*: — or  even 

} Subf.  though  the  image  be  real  ( i.  e.  i when 
40.  ‘ ‘ 

the  objed  is  placed  beyond  the  focusjifthe 
eye  be  placed  .between  the  image  and  the 
lens,  or  centre  of  the  fpheric  fpeculum*. 

But  if  the  eye  be  placed  beyond  a real 
image  formed  by  the  concave  fpeculuin 

* In  this  laft  cafe  the  objeft  will  be  left  thaa 

in  others,  for  the  rays  of  each  pencil  fall  on  the  eye 
. aonverging — whereas  (as  was  obferved  before)  the  eye 

Is  both  by  its  form  and  by  habit  accommodated  to  re* 
aeive  pencils  of  rays  parallel  to,  #r  rather  a Uttla  ii- 
▼«rging  frbna  each  othen 

& 
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Gi*  convex  lens,  fmce  the  image  is  in- 
verted, the  pidure  on  the  retina  will 
be  ered,  and  • * the  objed  will  appear 
inverted. 

48.  The  apparent  diftance  ,of  objeds 
depends  on  their  apparent  magnitude, 
fplendor  and  diftindnefs ; — -remote  ob- 
jeds being  found  to  appear  fmallcr  and 
more  faint  as  their  diftance  is  greater, 
and  near  objeds  more  confufed  and  larger 
as  their  diftance  is  lefs.  We  hence  con- 

I 

elude,  that  (of  objeds  which  we' are  ac- 
quainted with)  thofe  that  appear  of  lefs 
magnitude  and  fplendor  than  ufual  arc 
more  remote,  and  that  thofe  whofe  mag- 
nitude and  confufion  are  greater  than 
ufual,  arc  nearer  to  the  place  of  obfer- 
vation. 

The  fame  general  rules  will  hold  for 
determining  the  apparent  diftance  of  ob- 
jeds feen  with  glalTes — It  would  how- 
ever be  improper  to  enlarge  upon  thefe 

obfer- 


i 
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obfervations,  as  they  rather  belong  to 
metaphyfical  enquiry  than  to  the  fub- 
je<ft  under  confideration — and  may  be 
found  treated  of  with  great  ingenuity 
and  acutenefs  in  Berkley’s  Elfay  on 
Vifion. 


’ f'f 


O XL  V.  A . 


\ 


I 


SEC  T. 


VII. 


Of  ^elef copes. 
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' ' ' ■ , f 

49*  The  two  obftacles  to  the  accurate 
vifion  of  remote  objeds  (viz. -i,  faint- 
nefs  ; and  2,  want  of  fufficient  apparent 
magnitude)  are  remedied  by  the  telef- 
cope  ; the  former,  becaufe  the  objedf-  ’ 
glafs  by  its  breadth  colle<5ts  a much  great-  ' 
er  quantity  of  the  rays  flowing  from  the'^ 
objeOithan  the  pupil  of  the  eye  can  pof- 
fibly  do  ; and  the  latter,  becaufe  the  ob- 
jecT'glafs  forms  near  the  eye  a diftindt 
image  of  the  objedt,  which  the  eye-glafs 
enables  us  to 'view  with  every  advantage 

E''  of 


( 62 

of  clofencfs  and  diflinflnefs,  as  will  be 
ie^ii  in  the  explanation  of  the  inltru- 
ment. 

I 

50.  Telcfcopes  are  of  two  kinds  ; 1; 
refraElors  ; and  Zj  refiediors.  Of  eacli 
there  are  various  fpccies. 

The  moll  limple  fpecies  of  the  former 
confiils  of  two  Icnfes  inferted  into  the 
oppofite  extremities  of  a tube — the  lens 
(which  is  placed  next  the  objedl  in  obfer- 
vations,  and  therefore  called  the  ohjen* 
59,  glafs J is  broad  and  convex  ; and  will 
form  the  image  E F,  (as  the  objed;  » 
is  fuppofed  very  remote)  q.  p.  at  its  prin- 
cipal focus  — If  the  conftrudlion  of  the 

eye  enabled  it  to  view  this  image  within 
a fufficiently  fmali  diftance,  it  w'ould  fee 
the  object  clearly  and  much  magnified  : 
but  as  the  pupil  is  fmall;  and  as  the  eye 
is  adapted  to  the  admilTion  of  rays  nearly 
parallel,  it  cannot  of  itfelf  clofely  view 
this  image,  which  is  ufually  of,  great 
breadth  in  comparifon  of  the  pupil,  and 

’ where 
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• ^ 

t « 

where  fo  great  a degree  of  divergence 
takes  place  in  the  pencils  proceeding  to 
the  eye  frorri  each  point  in  the  image*. 

The  eye-glafs  G H fupplies  this  defedt — 
for  being  placed  at  the  diftance  of  its 
' own  focal  length  C Q^from  the  image 
E F,  the  rays  of  each  feparate  pencil 

s * 

paffing  through  it,  will  emerge  parallel 

I 

to  each  other  f. 

• t t ^ • . » I 

* The  quantity  of  any  obje<n:  feen  in  a telefcope,  or 
the  extent  of  view  it  can  command,  depends  on  the 
i.  e.  on  the  greateft  vifual  angle  G B H,  it  admits.  This  Fig.  55, 
in  the.aftronomical  telefcope  is  as  the  breadth  of  the  eye- 
glafs  diredtly,  and  inverfely  as  the  diftance  between  the 
eye-glafs  aadobjeft-glafs.  But  in  the  Gallilean  it  is  as 
the  breadth  of  the  pupil  diredlly,  and  inverfely  as  the 
diftance  of  the  eye-glafs  from  the  obje^l-glafs,  as  is  plain 
from  their  figure^.  ...  , 

It  is  evident  that  %o  adapt^  any  telefcope  to  fhortt 
lighted  perfons,  the  diftance  of  the  eye-glafs  from 
the  image  fliould  be  lefs  than  its  focal  length,  in  order 
to  rnake  the  rays  oi  each  pencil  diverge  to  the  eye  j and 
for  long  fighted  petfons,  that  diftance  ftiould  be  greater 
than  the  focal  length  of  the  eye-glafs,  that  the  rays  of 
each  pencil  may  fall  converging  on  the  eye.  Vide  Subl. 
and  44. 
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This  will  be  the  cafe  whether  the  cyc- 
glafs  be  convex  (as  in  the  common  aftro- 
nomical  telcfcope)  or  concave  as  in  the 
Gallilean  ; but  in  the  latter  the  obftaclc 
to  a clofe  view  of  the  image,  arifingfrom 
the  fmallnefs  of  the  pupil,  is  not  reme- 
died (becaufe  the  pencils  diverge  from 
each  other  after  paffing  '^^the  eye-glafs) 
as  it  is  in  the  former,  where  the  feveral 
pencils  emerging  from  the  eye-glafs  in- 
terfcdl: ; and  the  eye  being  placed  at  their 
interfedfioji-  receives  all  the  pencils  that 

' X 

fall  from  the  imago  on  the  eye-glafs. 
Hence  we  fee  how  telefcopes  produce 
diftindmefs  and  vividnefs  in  the  appear- 
ance of  very  remote  objeds. 


• By  which  menns,  ■ i,  the  field  of  tIcw  is  con- 
trafted,  (as  all  the  parallel  rays  belonging  to  fome  of 
the  exterior  pencils  will  in  many  cafes  cfcape  the  pu- 
pil) ; and  2,  the  apparent  fplendor  of  the  object  is  di« 
minifhed,  efpecially  toward  the  extremity  of  the  field  ; 
for  fome  of  the  parallel  rays  belonging  to  the  extreme 
pencils  which  fall  on  the  eye,  pafs  by  the  pupil  whil* 
others  enter  it. 


51.  Their 
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^ I . Their  magnifying  powers  are  efli- 
matcd  by  the  following  rule  : 

“ The  /ineal  magnitude  of  an  obje£l 
feen  with  a tclefcopc,  is  to  that  feen 
by  the  naked  eye  as  the  focal  length  of 
the  objed-glafsto  the  focal  length  of  the 
eye-glafs.” 

For  the  latter  magnitude  is  meafured 
by  the  angle  J>  B.M  formed  at  the  eye,  or 
(q.  p.)  at  the  * objed-glafs,  by  the  axes 
of  the  extreme  pencils : i.  e.  by  the  an- 
gle F B E which  the  image  fiibtends  at 
the  object  glafs.  But  the  former  mag- 
nitude is  meafured  by  the  angle  G O H 
under  the  extreme  pencils  of  parallel 
rays  emerging  from  the  eye-glafs,  I c. 
by  the  angle  E C F under  the  axes  of 
the  extreme  pencils  incident  on  the  eye- 
' glafs  the  former  magnitude  : the  vide 
latter,  angle  E C F : angle  E B F 

■*  Becaufe  the  length  of  the  telcfcope  is  incon- 
fiderable  with  refpevt  to  the  diftance  of  rcinote  ob- 
je€ts. 

: ; B O 


( 66  ) 

: : B Q t focal  length  of  the  obje<£t- 
glafs,  : C Q^th'c  focal  length  of.  the  eye- 

52.  The  pofition  of  obje£ls  feen  with 
a Gallilcan  telefcope  is  ere£t ; for  fincc 

I 

by  the  operation  of  the  concave  eye- 

glafs  the  rays  tend  to 'the  fame  fides  of 

the  eye  as  they  do  of  the  image  (which 

is  inverted)  the  pidure  ori  the  retina' 

will  be  inverted,'  • the  ohjed  will  appear 

( 

cred*  But  in  the  aftronomical  telefcope, 
the  rays  coming  from  the  extremities  of’ 
the  image  interfed  each  other,  and  • • 
tend  to  the  contrary  fides  of  the  eye — 

■f*  For  fmall  angles  are  diredlly  as  their  fubtenfcs  ' 
and  invcrfely  as  the  perpendiculars  let  fall  from  their* 
vertices  on  the  fubtenfes,  q.  p.  •;  given  the  fubtenfe, 
as  in  this  cafe  the  angles  lhall  be  inverfely  ’as  the  per- 
pendiculars. 

* Hence  we  fee  the  reafon  why  objedts  appear  magni- 
fied if  the  broad  and  lefs  convex  lens  be  turned  toward 
the  objedt  (as  is  ufually  done)  bmt  diminilhed,  if  the 
narrow  and  more  convex  lens  be  ufed  as  the  objedt-glafs 
ef  the  telefcope. 

‘ b confe-. 
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coiifequcntly  (as  the  image  is  lnvcrtetl)tlie 
pidurconthq  retina  will  he  erec^,  •;  the 
objea  will  appear'  inverted,  dliis  ^in-  ^ 
verfion  is  of  no  moment  in  aftronomical 
obfervations  ; but  as  it  is  convenient  in  » 
viewing  terreftrial  objeas  that  they 
fhould  appear  erea,  this  purpofe  is  ef- 
feaed  by  the  addition  of  two  eye-glaffes, 
whofe  diftance  from  each^otlier  ihonld 
be  fufficientto  permit  the  interfcaion  of 
the  extreme  pencils  of  parallel  rays  ' 
ceeding  from  the  luft  eye  glafs.  At  die  v^bf.  c4 
focus  of  the  fecond  an  erec^  image  f hall 
be  formed,  from  whofe  C-!^tremities  the 
rays  proceeding  to  the  laa^efe  glafshvill 
emer.ge  parallel  from  that  giafs,  and  tend 
to  the  contrary  extremities  of  the  cye^ 

. . the  piaure  on  the  retina  is  inverted, 
and  • • the  objea;  ihall  appear  eiea.. 

It  is  obvious  from  , wlii\t.  has  been 
faid,  that,  the  diftance  Uei'vycen  the  oh- 
jed-glafs  and  firft  eye-glafs  is  equal  to 
the  fum  of  their  focal  lengths,  and 
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alfo  that  the  diftance  of  the  fecond 
and  third  eye-glafs,  from  each  other,  is 
equal  to  the  fum  of  their  focal  lengths. 

To  prevent  the  neceffity  of  a large 
aperture  in  the  principal  eye-glafs,  it  is 
convenient  that  the  diftance  of  the 
lecond  eye-glafs,  from  the  concourfe 
of  the  pencils  proceeding  from  the  firft, 
fliould  not  be  lefs  than  the  focal  length 
of  the  fecond  eye-glafs,  otherwife  (the. 
pencils  diverging  from  each  other  after 
refradfion,)  the  fecond  image  would  be 
fo  much  enlarged  as  to  be  incapable  of 
being  received  on  a third  and  principal 
eye-glafs  of  fufficiently  fmall  aperture. 
This  tclefcope  with  three  eye-glafles  is 
called  the  common  terrejlrial tclefcope. 

53.  Ref  'e&or^s  are  of  three  kinds,  the 
Newtonian-^" ‘ the  Gregorian  and  Cafte- 
grain’s.  It  was  by  experience  difeovered 

♦ The  Inconvenience  of  fo  large  an  aperture  will  ap- 
pear hereafter. 

- X that 
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that  refra&ors^  in  which  great  magnify- 
ing power  and  light  were  required,  caufed 
a material  confulion  in  the  objects  that 
could  no  way  be  remedied,  unlefs  by 
unmanageable  lengths  ; and  Newton 
having  difcovered  the  chief  caufe  of  this 
imperfedion  to  arife  from  the  different 
lefrangibility  of  light  ; and  fuppofmg  it 
was  impoffible^to  refract  the  rays  pro- 
ceeding from  the  objeO:,  to  their  foci  at 
the  image,  without  an  enfuing  difperfion 
of  the  colours,  thought  the  pcrfec5tion  of 
refraftors  was  not  to  be  hoped  for — He 
therefore  applied  himfclf  to  combine  the 
powers  of  refle(fl;ion  and  rcfradion  in  ' 
the  conftrudlion  of  a telefcope,  and 
attained  his  objed;  with  the  greateft  fuc- 
cefs.^ — His  invention  was  as  follows  ; 

Into  the  end  of  a fhort  tube  he  infcrt- 
cd  a concave  fpeculum  of  about  fix 
inches  in  lineal  aperture— before  the 
principal  focus  (where  the  image  of  a 

remote 
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lemote  objec^l  would  be  formed)  a plane 
fpeculum,  inclined  to  the  axis  of  the 
concave  in  an  angle  of  forty -five  degrees, 
receives  the  rays  proceeding  to  the  image 
and  refleding  them  obliquely,  forms  ano' 
4,  Subf.  ther  image  equal  to  the  preceding  f — 
the  rays  diverging  from  each,  point  of 
this  image  are  received  by  a convex  eye- 
glafs  at  its  own  focal  diftance  from  the 

^ * t I 

• image. 

The  obje(fl:  appears  inverted  In.  this, 
telefcope,  but  may  be  eredied  by  the 
addition  of  two  convex  eye-gUfles  as  in 
the  refra(Tor. — ^The  lineal  magnitude  of 
an  objedf  to  the  naked  eye  Is  to  its 
, lineal  magnitude  as  feen  in  this  telef- 
cope,  as  the  focal  length  of  the  cye- 

♦ Newton  originally  ufed  a refl^rgular  ifofceles  prifiii 

• 

for  this  purpofe  ; the  incident  rays,  after  palling  through 
one  of  the  perpendicular  Cdes,  was  rcfle^3:ed  by  tke  bafe 
and  emirged  uncoloured  through  the  other  fide.  The 
image  was  erefled  by  making  the  lidcs  of  the  prifm  a 
little  convex. 


( 1\  ) 


glafs  to  the  focal  length  of  the  concave 
fpcculum.— -This  wnll  appear  as  in  the 
computation  of  the  magnifying  powers 
of  the  common  refractor  ; when  it  is 
confidered  that  the  image  feen  is  equal 
to  that  which  would  be  formed  q.  p.  at 
the  focus  ; and  that  the  angle  mcafuring 
the  apparent  magnitude  to  the  naked 
eye  is  equal  to  that  which  the  image  in 
the  focus  fubtends,  at  the  centre  of  the 
fpheric  furface  of  which  the  fpeculum  is 
a fegment.  ' , 


54.  The  Gregorian  refledlor  is  thus 
conftru£tcd  ; 


Into  tbe  extremity  of  a fliort  and  wide 
tube  is  inferted  a concave  fpheric  • fpe- 
culum perforated  at  the  vertex — beyond 


firft  image  is  formed,  is  placed  another 
concave  fpeculum,  whofe  diftance  from'"' 


the 


.•  • For  if  it  were  BOt 


nreater  than  the  focal  length, 

the 


9 


t Vide 
Subf,  37. 
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ihe  focus  of  the  principal  fpeculum  is 
greater  than  its  own  focal  length,  but 
lefs  than  its  radius — at  the  perforation 
of  the  firft  fpeculum  is  inferted  a tube, 
in  which  the  eyc-glafs  is  placed  to 
receive  the  rays  proceeding  from  the 
fecond  image  (formed  by  the  1 mailer 
fpeculum) — its  diftance  from  the  place 
of  this  image  fhould  be  equal  to  its 
focal  length,  by  which  means  the  rays 
of  each  pencil  emerge  parallel. 

•It  is  clear  that  the  objedt  appears 
eredf  in  this  telefcope,  for  the  firft  image 
is  inverted  j*,  and  the  fecond  image  is 
inverted  in  refpedl  of  the  ftrft,  i.  e.  it  is 
eredt  in  refpedt  of  the  objedl — confe- 


the  rays  of  each  pencil  would  never  come  t«  a 
focus,  and  therefore  no  fecond  image  could  be 
formed  ; and  if  it  were  greater  than  the  radius,  the 
fecond  image  would  be  farther  from  the  eye-glafs^ 
than  the  firft,  and  c^nlequently  both  the  field  and 
pox»er  of  the  inftrument  would  be  too  mich  di-» 
joiniflifd. 


quently 
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quentiy  Its  pidlure  on  the  retina  is  in 
verted,  and  •/  it  will  appear  ere<Sl:*. 


55.  Caflegrain’s  telefcopc  is  the  fame 
with  the  Gregorian,  except  in  the  form 
and  pofition  of  the  leffer  fpeculum,  which 
is  convex,  and  placed  before  the,  focus 


* The  lineal  magnitude  of  an  objedl  feen  with 
tills  telefcope,  is  to  its  apparent  uiagnitude  at  the 
naked  eye;  in  a ratio  compounded  of  that  of  G F» 
(the  focal  Icngtli  of  the  objedl  fpeculum)  to  0 m,  (the 
focal  length  of  the  eye-glafs)  andofro,  (the  diftance 
«f  the  fecond  image  from  the  focus  of  the  lelTer 
fpeculum),  to  r z (the  fucal  leigth  of  that  fpeculum) — 
for  thefe  magnitudes  are  to  each  other,  as  the  angles 

G F m 

rc-rz  ; r z~r<  F, 


^mq 


LGSi: 


f GF  : OOT  ^ C GF  : cm 
\/>  q : LS  j ' ' i.  z<>  : fx 


but  fince  ro,  rz,  rF  are  continually  proportional,  add-, 
ing  r%  : tF  refp»£fively  to  their  proportionals,  ro-rz 
: r z-r/,  it  will  be,  as  ro-rz:  rz-r  F ro  : rz,  v by  fub- 
ftitutinj  the  two  latter  teinis  in  the  place  of  the  two 
former  in  the  compound  ratio  above  deduced,  'we 
have  the  apparent  magnitude  in  the  telefcope  to  that  at 


the  naked  eye 


GF  : 0 m 
r 0 • r z 


\ 


: : GF  X r#  lom^rz:  fee. 

i.  ■.  ‘ 


II  Vide 
Note  to 
Subf.  5 1. 
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obje(51:  fpeculum,.  at  a diftancc  left 
than  its  own  focal  length. 

The  objedt  will  appear  inverted  in  thit 
telefcope  ; for  the  fecond  image  is  in- 
verted with  refpedt  to  the  objedt,  • • its 

f'  , 

picture  on  the  retina  will  be  eredt,  • • it 
will  appear  inverted. 

Its  magnifying  power  is  computed  W 
in  the  Gregorian’; 

► t ■ 

’j'6.  Refledling  telefcopes  arefuperior  in 
their  magnifying  powers  to  refradtors,  for 
in  the  latter  great  magnifying  power 
is  produced,  cither,  i , by  making  the 
objedt-glafs  of  a great  focal  length, 
which  is  in  pradtice  exceedingly  inconvc- 

* j 

nient* ; or,  2,  by  making  the  eye-glafs 
p of  a very  fmall  focal  length,  which' 

would  make  the  objedt  appear  very  con- 
fufed,  as  the  errors  generated  in  the 

* This  appears  from  confidering  that  the  lineal  mag- 
nifying power  is  as  the  focal  length  of  the  object-glafs 
direftly,  and  inverfely  as  the  focal  lengtii  of  the  eyc- 
jjlafs.  VideSubf.  51* 

Image 
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iniagc  by  tlie  different  refrangibility  of 
light  woiild  thereby  be  too  much  mag- 
nified to  admit  diftindt  vifion. — Neither 
of  thefc  inconveniencies,  then,  can  be 
avoided  in  a refradtor  of  great  magnify- 
ing power,  without  incurring  the  other. 
But  as  the  image  formed  by  the  con- 
cave fpeculum  in  the  refledlor  is  much 
more  accurate  than  that  formed  by  an 
obje«ff-glafs  of  the  fame  focal  length  and 
of  a fufficient  aperture,  therefore  an  eye- 
glafs  of  lefs  focal  length,  and  confe- 
quently  of  greater  magnifying  power, 
may  be  applied  in  the  refledtor  than  in 
the  rcfradlor  J.  ' 

Though 

* for  the  circle  of  aberration  formed  at  the  focua 
of  each  pencil  by  the  fphericity  of  the  Ipeculum,  is  far 
lefs  than  that  proceeding  from  the  different  refrangiblli- 
tj  of  light  palling  thrpuglr  the  objeit-glafs.—- — 
Smith's  Opt.  B.  z.  C‘0.  or  Naot'  Opt.  ?• 
s^h,  ad Jin. 

X If  it  be  dcfired  to  coafider  thi»  matter  in  a left 
popular  way,  confult  Smith’s  Opt,  B,  C.  7, 

tyhej-f 


1 
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Though  the  refledor  has  the  above 
mentioned  advantage  over  the  refrailor, 
it  is  counterbalanced  in  fome  degree  by 
the  inconveniencies  it  is  lubjeft  to — as 
I,  More  light  is  loft  in  reflexion  at  the 
mirrors  than  in  trafmiflTion  through  the 
glaflTes  of  the  refradlor.  2,  A more  fre- 
quent lofs  of  polilh  happens  in  the  fpe- 
culums  than  in  the  lenfes,  and  a greater 
difficulty  in  reftoring  it.  3,  The  fhape 
of  the  fpeculums  is  much  more  liable 
to  change  than  that  of  lenfes,  either  by^ 
warping  or  by  inequalities  produced  in  the 
grinding,  or  by  the  frequent  cleanfingthey 
require*.  And  this  change  of  fliape  is 
of  peculiar  ill  confequence  in  the  re- 

where  it  is  fliewn  that  the  lineal  amplifications  are  ::  the 
fquare  roats  of  the  lengths  in  the  refradors,  and  ;• 
that  a lengthening  uf  the  telefcope  muft  conftantly  attend 
any  increafe  of  its  power. 

* Theic  is  an  imperfedion  in  all  rtlledors  not  gene- 
rally remarked,  Tiz.  the  valuable  rays  near  tlie  axis  are 
lofl  by  the  obftraflion  of  the  IcfTer  fpcculum. 

fieding.' 


V 
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efting  telcfcope,  as  the  errors  arifing 
from  unequal  inGidenccs  at  refleding  fur- 
faces  arc  fix  times  greater  than  fimilar 
errors  in  refractions  between  air  and 
glafs — for  the  angle  GBH  under  the  Fig.  (>5. 
reflected  rays  is  equal  to  twice D BE, 
the  difference  of  the  incidences  § ; while 
the  Angle  GBH  under  the  refraCted  Fig,  65. 
rays  is  but  a third  part  of  M B N,  the 
difference  of  the  incidences  *.1 

« % 

§ Suppofe  the  position  of  the  reflefllrig  furface  bo 
changed  from  SO  to  F G,  then  as  the  angle  of  in- 
cidence A B D,  is  enereafed  by  D B E,  the  difference 
of  the  incidences,  the  new  angjc  of  refleftioc  E B H 
fhall  exceed  DBG,  the  former  angle  of  refleflion,  by 
an  angle  zr  to  D B E ; therefore  C B H (the  excefs  of 
A B E -f-  E B H above  A B D -j-  D B C)  fhall  be 
equal  to  twice  D B E. 

it  As  into  a glafs  out  of  air  I : R : : 5 : 3,  fmall 
angles  of  incidence  and  refraction  will  be  in  the  fame 
proportion,  ••  the  refraCted  angles  E B G and  E B H 
are  but  the  third  parts  of  A B M,  ABN,  their  re-  r 
fpeClive  angles  of  incidence,  •;  the  difference  GBH 
of  thefe  thirds  will  be  equal  to  M B N,  the  third  of  the 
difference  of  the  incidences. 


F 


N.  B, 
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N.  B.  A (imilar  proof  may  be  ap- 
plied where  the  incidence  is  dimi- 
niihed. 

But  the  late  invention  of  compound 
objcdi-glafles  has  procured  for  refra<Stiiig 
telefcopes  all  the  advantages  of  ampli- 
fying and  light  that  refledtors  poflefs, 
without  fubjedting  them  to  any  of  the 
imperfedtions  juft  mentioned,  except 
fomelofs  of  light. 


SECT. 


SECT.  VIIL 


Of  the  Errors  caufed  hy  the  ObjeB^GlaJJes 
of  T*elef copes  ^ and  the  Methods  of  cor^ 
rcEiing  them* 


I 

57..  T HE  great  utility  of  this  in- 
vention of  telefcopes  ,is  too  appa- 
rent to  require  remark;  but  the  im- 
perfed;ions  it  laboured  under  limited  very 

f 

much  the  advantages  to  be  expecSled 
from  it. 

t 

Thofe  imperfe(5tions  principally  relate 
to  the  errors  caufed  by  the  form  and 

F ^ material 


I 
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material  of  the  obje^t-glafs  in  the  image 
formed  at  its  focus 

‘ I ft;  It  ir  plain,  that  of  rays  parallel 
or  diverging  that  fall  all  over  the  fur- 
face  of  a lens,  thofe  fall  more  obliquely 
that  are  neareft  to  the  extremities  ; they 
will  therefore  fuffer  the  greateft  refrac- 
tion, and  will  meet  the  axis  of  their 
Fig.  ^7,  pencil  at  a lefs  diftance  from  the  lens  than 
thofe  which  fall  nearer  to  that  axis — 
the  image  I of  the  lucid  point  O,  formed 
by  the  moft  remote  rays,  is  called  the 
extreme  image ; and  its  image  P,  formed 
by  the  rays  neareft  to  the  axis,  is  called 
the  principal  image,  which  wilP  necef- 
farily  be  confufed  by  the,  divergence  of 
the  Tays  flowing  , from  the  extreme  and 
intermediate  images.  The  fpace  I P-be- 
tween  the  principal  and  extreme  images 
is  called  the  fpace  of  dtffufion^  and  is  oc- 

. . . r ■ 

^ The  errors  occafioned  by  the  eye-glafs  will  be 
treated  of  in  another  place. 

• ’ cupied 
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cupied  by  other  images  of  the  lucid  point, 

which  are  formed  by  the  fucceflive  an« 

nuli  from  the  extremities  of  the  lens  to 

its, centre ; the  fmalleft  fpace  (r  p)  into 

which  the  rays  are  collected  is  evidently 

at  the  interfedtion  of  the  rays  neareft  to,. 

and  moft  remote  from  the  axis  : and  this 

fpace  is  called  the  circle  of  aberration^ 

ariHng  from  fphericity.  The  r atio  of  its 

diameter  ^ to  the  lineal  aperture  of  a 

plano-convex  lens,  which  was  four 

inches,  and  the.  radius  of  its  Iphcric  fur- 

face,  one  hundred  feet,  was  found  by  ^ vide 

calculation  to  be  as  § i to  299,695  and  Op!'^‘*th 

it  is  varied  in  different  lenfes  as  the 

' ''f  ‘ ^ P.  I. 

cubes  t of  the  linear  apertures  directly,  f vid« 
and  inverfely  as  the  fquares  of  the  focal  Lea!* 
lengths  ; hence  it  appears  that  this  error  Opt.P- 1. 
always  is  augmented  as  the  aperture  is 
enlarged  for  a more  copious  admiffion  of 
light,  or  as  the  length  of  the  telefcope 


* When  the  incident  rays  are  parallel  to  the  axis  op 
the  lens. 

/ 

IS 


/ 
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is  diminlflied  for  greater  convcniency  of 
obfervdtion. 

, I 

t 

58.  The  limitations  hence  jirifing  hav? 
far  lefs  impeded  the  perfe(Ction  of  the 
inftrument  than  the  confufion  occafione^ 
in  the  image  by  the  different  refrangibility 
of  light;  and,  that  great  confufion 
muft  refult  from  this  caufe  will  be 
obvious  to  any  one  who  views  an  objedl 
through  a prifm  ; for  its  extremities  will 
appear  very  indiflind:,  and  tinged  with 
a variety  of  compound  prifmatic  colours  ; 
a fimilar  appearance  muft  enfue  iri 
viewing  objefts  through  a lens  whofe 
ihape  correfponds  to  that  of  a prifm. 
The  only  difference  in  the  effects  of  thefc 
two  inftruments  arifes  from  the  difpa- 
rity  of  their  refracting  angles  ; to  which 
caufe  alfo  it  is  to  be  attributed  that  the 
colouring  occafioned  by  the  central  parts 
of  a lens  is  lefs  than  that  caufed  by  its 
exterior  parts.  This  error  is  fo  great, 

that 


♦ Vide 
Smith’ 
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that  the  diameter  of  the  circle  of  a,ber* 

ration  proceeding  from  this  caufe  is  equal 

to  Tith  part  of  the  diameter  of  the 

aperture*. 

This  aberration,  fo  far  greater  than  the 

former,  caufed  Sir  I.  Newton  to  defpair  *; 
^ ^ * Chap,  o 

of  the  poffibility  of  making  refractors 
with  any  coniiderable  magnifying  powers. 

He  therefore  fubftituted  in  their  place 
the  reflectors  above  deferibed.  Thefe, 
though  free  from  the  confufion  owing  to 
the  different  refrangibility,  and  capable 
of  being  much  fhortened,  flill  were  fub- 
jeCt  to  the  other  difadvantages  men- 
tioned in  Subf.  56  I and  befide,  the  er- 
rors from  fphericity  were  common  to 
them  with  refraCtors,  and  obferved  the 

^ , . Lin,  Apert. . 

fame  law,  viz.  : : - — r—  Both 

koc.  Lengths'^ 

errors,  however,  were  at  once  corrected 
by  the  very  ingenious  invention  of  com. 
pound  glaffcs  by  Mr.Dolland. 


The 
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The  procefs  of  this  difcovcry,  fo  In- 
terefting  to  fcience,  is  a ftriking  example 
of  the  gradations,  by  which  the  obfer- 
\"ation  of  a fimple  phenomenon  may  be 
purfued  to  purpofes  of  a very  compli- 
cated nature  and  general  utility. 

' 59.  Newton’s  defpair  of  bringing 
refracting  telefcopes  to  perfection  arofc 
from  a perfuafion  that  the  difpcrfion 
of  the  rays  was  always  proportioned  to 
their  mean  refraCtion,  and  of  confe- 
quence  that  no  change  in  the  direction 
of  a ray  could  be  made  by  refraCtion 
through  any  number  of  mediums,  wntli- 
Gut  an  eufuing  dilatation  ; hence  in  a 
telefccpe  where  fuch  a change  of  direction 
muft  happen  iri  order  to  the  formation 
of  the  image,  that  the  image  of  each 
point  in  the  objeCt  would  neceffarily  be 
diffufed  over  a circle  of  aberration  whofe 
diameter  is  equal  to  -sVth  part  of  the  dia- 
meter of  the  aperture,  and  from  the 

^ mixture 
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mixture  of  thofe  different  circles,  that  a 
confiderable  confufion  muft  always  exift 
in  the  image,  if  the  objedt-glafs  be  of 
large  aperture. 

The  ground  of  Newton’s  conclufiou 

was  an  experiment  not  inflituted,  nor 
/ 

perhaps  obferyed , with  the  great  accuracy 
fo  Goiifpicuous  in  the  works  ofthatilluf- 
tfious  philofopher. — It  was  this  : In  a 
prifihatic  veffel  whofe  fides  containing 
the  refradting  angle  were  moveable  at 
pleafure,  a glafs  prifm  was  placed  with 
its  refra6;ing  angle  upward ; and  the 
veffel  being  filled  with  water,  a ray  was 
tranfmitted  through  both  prifms,  which, 
whenever  it  emerged  in  a diredion  pa- 
rallel to  that  of  its  incidence,  appeared 
white,  and  if  inclined  to  it  was  always 
coloured  ; from  fuch  phenomena  the 
dedudion  above  mentioned  was  fairly 
drawn — But  on  a repetition  of  this  ex- 
periment by  Mr.  Dolland,  the  refult  was 

quite 
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quite  the  reverfe  of  that  . mentioned  by* 
Newton  ; for  when  the  ray  emerged  in 
a direction  parallel  to  that  of  its  inci- 
dence, it  appeared  ftrongly  tinged  with 
prifmatic  colours. — On  the  other  hand, 
by  a proper  adjuftincnt  of  the  refrading 
angles  of  the  veifel  and  prifm,  while 
the  direcStion  of  the  ray  was  changed  by 
the  excefs  of  refraction  of  the  f water 
prifm,  the  ray  emerged  white ; its  dif- 
perfion  being  counteracted  by  the  con- 
trary action  of  the  glafs  prifm,  which 
therefore  appeared  from  this  experiment 
to  have  an  equal  power  of  difperfing  the 
rays,  (or  collecting  them  w^hen  difperfed) 
though  with  a fmaller  power  of  mean 
refraction,  and  confequently  that  glafs  has 
a greater  power  of  difperfion  in  proportion 

to  its  mean  refraCtion  than  water. 

♦ 

t This  is  folely  owing  i#  the  excefs  of  the  rt- 
Jrafiing  angle  of  the  water  prifm  above  that  of  the  glafs 
prifm. 


6o.  Mr. 
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6o.  Mr.  Dolland  then  endeavoured  to 
apply  this  principle  to  pradiice,  by  con- 
’ ftrudling  lenfes  of  glafs  with  water  en- 
elofed,  fo  that  the  mean  refradion  of  the 
water  fhould  be  greater  than  that  caufed 
by  the  glafs,  and  contrary  thereto,  for 
the  purpofe  of  counteracting  the  dif. 
perfion  made  by  the  glafs;  while  at 
the  fame  time  the  rays  of  the  fevcral 
pencils  were  colle<3ed  to  their  refpeCtivc 
foci  at  the  image,  by  the  difference  of 
the  mean  rcfraCtions. — But  this  method 
was  found  fo  extremely  -difficult,  from 
the  depth  of  the  lenfes  ncceffary  in  the 
conftruCtion,  &c.  that  he  was  obliged  to 
relinquiffi  it. 

He  fufpeCled,  however,  that  different 
kinds  of  glafs  might  alfo  have  different 
powers  of  difperfion  in  proportion  to  their 
mean  refraCtivc  powers ; and  experiment 
abundantly  confirmed  his  conjeCture, 
for  by  joining  two  prifms  of  fmall 

angles 
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^ingles  made  'of  crown-glafs  and  white 
flint-glafs,  with  their  refrading  angles 
in  oppofite  directions,  he  produced  ef- 
fects fimilar  to  thofe  that  appeared  in 
the  experiment  of  the  prifmatic  veflci ; 
viz.  I ft,  with  one  pair  of  prifms,  an 
emergence  of  the  ray  in  a direction  pa- 
rallel to  that  of  its  incidence,  with  a 
ftrong  tincture  of  • prifmatic  colours  ; — » 
and  2dly,  with  a different  pair  of  prifms, 
an  emergence  of  the  ray  perfectly  iin- 
coloured,  in  a direction  Inclined  to  that 
of  its  incidence — From  thefe  experiments 
white  flint-glafs  appears  to  have  the 
greater  power  of  mean  refraClion,  and 
alfo  a greater  power  of  difperfion,  in 
proportion  to  its  mean  refraCtive  power, 
than  crown-glafs. 

6r.  This  immediately  led  him  to  the 
conftruCtion  of  a double  objeCt-glafs, 
compounded  of  a double  concave  of 

white 
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white  flint,  and  a double  convex  of 

crown  glafs — the  excefs  of  mean  re* 

fraction  was  in  the  latter,  to  bring  the 

rays  of  each  pencil  to  a focus  at  the 

Image,  and  by  its  form  to  counteract 

fufficiently  the  greater  difperfmg  power 

in  the  fubjiance  of  the  concave  glafs. 

Any  ray  palling  through  thefe  two  glaflfes 

% 

was  untinged  by  prifmatic  colours,  though 
it  interfeCted  the  axis  of  its  pencil  after 
refraClion  ; ho  image,  therefore,  whether 
extreme,  principal,  or  intermediate,  was 
confufed  by  the  dlflci»ent  refrangibllity : 
neither  did  any  confufion  of  moment 
arife  from  the  fphericity  of  the  glafs ; 
becaufe  the  fpace  of  dilfulion  was  made 
nearly  tovanilh,  and  the  extreme  image 
to  coincide  with  the  principal  image  : q.  p. 
—for  the  aberration  of  the  rays  remote 
from  the  axis,  which  would  be  caufed 
by  the  convex  glafs,  were  counteracted 
by  the  contrary  aberrations  produced  by 

the 
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the  concave;  each  aberration  encreafing 
as  the  incidence  wai  more  * remote  from 
the  vertex  of  the  objedf-glafs,  but  ftill 
in  all  parts  compenfating  each  other 
very  nearly, 

62.  But  though  the  error  from  fphe- 
ricity  is  much  dimi'nifhed  by  the  con- 
ftrudtion  of  this  double  object -glafs,  yet 
as  the  cxcefs  of  refradion  is  in  the  con* 
vex  lens,  the  aberration  from  the  geo- 
metric focus  caufed  by  this  lens  muft 
exceed  the  contrary  one  produced  by 
the  concave,  and  difturb  the  diftindtnefs 
of  the  image. 

In  order,  therefore,  entirely  to  exter- 
minate this  error,  and  yet  to  retain  the 
corre<ifion  of  the  difperfion,  Mr.  Dolland 
conftrudtcd  a triple  obje(51;-glafs,  com- 
pounded of  a concave  enclofed  between 
two  convex  lenfes.  The  fum  of  the  re- 
frading  as  well  as  difperfmg  powers  of 

the 
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the  two  latter  was  equal  to  thofe  of 
the  convex  in  the  double  objedt-glafs; 
the  rays,  therefore,  of  the  refpedive 
pencils ' were  brought  to  their  ^proper 
foci,  and  yet  the  image  was  ^not  con-^ 
fufed  by  the  different  refrangibility-— the 
aberration  from  fphericity  was  totally 
removed,  becaufe  the  fum  of  the  errors 
caufed  by  the  two  convex  lenfes  was 
much  lefs  * than  the  whole  error  made 

' by 
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The  lineal  errors 
Lin.  Apert.? 
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Foe.  length* 
Lin.  Apert.  ' 


ariling  from  Ipfaericiiy 
The  refractions  of  lenfes  are 


In  the  cafe  before  us  the  apper- 


Foc.  length 

tures  are  given,  ••  the  errors  are  reciprocally  as  tlic 
fquares  of  the  focal  length  — Let  the  convex  lenfes  be 
A,  B,  and  C,  — and  let  the  refraClion  of  A be  equal 
to  thofe  of  B aqd  C together  — Let  their  lineal  errors 
from  fphericity  be  e,  q,  reipeCtively — their  focal 
lengths  F,  f,  Q^-— If  the  refraaion  of  A be  = 3,  and 
that  of  B = I,  that  of  C will  be  = 2 — As  the  apertures 
are  given,  the  focal  lengths  of  A,  B and  C will  he  r?’* 
i:iprocally  as  thofe  numbers, 
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by  the  convex  (^of  the  double  obje£t- 
glafs)  whofe  refradion  was  only  equal 
to  theirs,  and  was  completely  dcftroyed 
by  the  contrary  and  equal  error  oc- 
calioned  by  the  ilrudture  of  the  con- 
cave placed  between  them. 

The  very  accurate  adjuftment  of  the 
lenfes,  the  proper  proportions  of  their 
focal  lengths,  and  of  the  curvatures  of 
their  furfaces.  are  in  a great  meafure  to 
be  attained  by  trial,  for  it  is  found  im- 
poffible  to  afeertain  the  exadl  ratio  either 
of  the  mean  refractive  or  of  the  difperfing 
powers  in  different  kinds  of  glafs,  as  they 


•/  E : e : : : F*  ::  9 : I 

E:q:;Q2:Fi::9:4. 
• > 2E  : e -J-  q : : 18  ; j; 
or  E : e q : : 9:5 


i.  e.  the  error  of  the  firft 
lens  ''ill  always  be  to  the 
fum  ofthofe  of  the  other 
two,  as  the  fquaie  of  the 
whole  to  the  fum  of  the 
fquares  of  the  parts,  i.  e. 
always  in  a ratio  of 
greater  inequality. 

frequently 
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fre(|ucntly  vary  even  in  diftiiKfl  pieces  of 
the  fame  pot. 

N.  B.  Not  with  ftanding  the  accuracy 
of  the  triple  ohje<St-glafs,  the  lofs  of  light 
fuffered  in  fo  many  refractions  occafions 
frequently  a 'preference  of  the  double 
one. 

63.  Mr.  Hamilton,  in  his  ingenious 
letters  on  the  coaft  of  Antrim,  has 
taken  occafion  to  remark  how  much 
the  wifdom  of  nature  has  furpafled  the 
fagacity,  and  anticipated  the  invention 
of  man,  in  the  admirable  llruClure  of 
the  human  eye.  He  obferves,  that  though 
the  conftrudtion  of  the  triple  achroma- 
tic objeCt-glafs  is  the  utmoft  perfection 
to  which  our  long  experience  and  re- 
fearch  in  this  fcience  has  been  able  to 
conduct  us,  yet  the  human  eye  prefents 
an  inftrument  furprizingly  refeinbling 
it  in  its  llruCture,  though  more  perfeCt 
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in  its  life  ; a complete  achromatic,  com- 
pounded of  three  lenfes  of  different 
lliapes  and  fubflan  es,  correcting  as  well 
l-he  errors  of  fphericiiy  as  of  refrangi- 
bility,  and  a ’a’^ted  to  vifion  at  various 
diifances.  It  may  alfo  be  added,  that 
as  it  has  been  tound  neceffary  to  prevent 
the  dilfurbance  of  viiion  in  telefcopes 
ariiing  from  the  reflexion  of  the  erratic 
light  againd  the  fides  of  the  tube,  by 
blackening  them  ; fo  it  is  dilcovered  that 
the  fame  inconvenience  is  guarded  a^ 
gainft  in  the  eye  by  a black  pigment 
fpread  all  over  thofe  parts  of  its  infide, 
which  are  by  their  pofition  unfit  to  re- 
ceive images  of  external  objeCts. 

Perhaps  it  will  not  be  condemned  as  a 
fanciful  purfuit  of  this  analogy  to  remark 
the  correfpondence  of  the  Iris  to  the 
eye-ftop  * in  telefcopes.  It  is  certain  that 

* A plate  with  a circular  hole  placed  before  the  prin- 
cipal image  in  telefcopes  and  niicrofcopes. 
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they  are  partly  fimilar  in  their  ufes,  for 
in  the  telefcope  fome  rays  of  the  oblique  , 
pencils  which  have  no  part  in  forming 
the  image  would  be  refleded  by  the 
fides,  (notwithftanding  the  abforption  by 
the  blacking)  and  thus  difturb  the  dif- 
tindnefs  of  the  image  ; and  as  the  eye-- 
Jlop  is  placed  before  the  principal  image 
to  intercept  them,  fo  the  Iris  intercepts 
fuch  rays  proceeding  through  the  cornea, 
as  would  be  ufelefs  in  forming  the  image 
at  the  retina,  or  would  introduce  con- 
fufion  into  it. 

Thefe  obfervations  fuggeft  a reflec- 
tion upon  the  great  advantages  which 
a well  regulated.  of -the  works  of 

nature  may  afford,  not  only  to  theo- 
retical knowledge,  but  alfo  to  many  me- 
chanical operations  ufeful  to  the  purpofes 
of  life. 

The  principal  aim  of  fo  many  acute 
philofophers  as  heretofore  engaged  in 

G 2 this 
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this  fcience  was  the  formation  of  a pcr- 
fed  telefcope. — The  chief  defideratum 
in  this  undertaking  was  the  conftruc- 
tion  of  an  objed-glafs  which  fhould 
form  the  images  of  remote  objeds  with 
perfed  accuracy,  and  various  attempts  to 
effcd  this  were  made  without  fuccefs. 
— It  was  long  fince  known  by  experi- 
ment that  the  humours  of  the  eye 
formed  accurate  pidures  on  the  retina. 
If  attention  had  been  paid  to  this  phe- 
nomenon, and  clofe  fcrutiny  made  into 
its  caufes,  it  does  not  feem  unreafona- 
ble  to  conclude  that  the  great  objed  of 
optical  enquiry  had  been  probably  much 
fooner  attained,  and  that  feveral  for- 
mer ages  would  have  enjoyed  the  bene- 
fits of  this  ufeful  invention,  to  which 
they  were  total  ftrangers. 
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SEC  T.  IX. 


Of  the  improvements  in  the  Eye-glajfes  of 
T^elef copes » 


64.  T H E life  of  the  principal  eye- 
glafs,  as  before  mentioned,  is  to  view 
the  laft  image  under  an  angle  greater  than 
that  in  which  it  can  diftin^ly  appear  to 
the  naked  eye. 

Additional  eye-glafles  have  three  ufcs, 
I,  crediing  the  image ; 2,  enlarging  the 
field  j 3,  corredling  the  errors  as  well 
from  fphericity  as  difperlion  generated 
by  the  principal  eye-glafs. 


I 
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I,  The  hrft  method  of  erecting  the 
image  was  by  a fingle  lens  placed  at 
^9*  a diftance  from  the  image,  greater  than 
its  own  focal  length,  and  ufually  double 
of  it.' — At  the  focus  conjugate  to  the 
place  of  the  image,  the  eredl  image  is 
- formed  : — as  the  extent  of  the  field  is 
diminiflied,  while  the  diftance  of  the 
obje6t-glafs  from  the  neareft  eye-glafs 
encreafes,  (See  Note  on  Subf.  50.) 
it  is  plain  that  the  field  is  more  con- 
tradted  in  this  telefcope  than  in  the 
ajlranomical  one  ^where  the  image  is 
inverted)  or  than  in  the  common  ter- 
rejirial  one,  (where  the  image  is  ereded 
by  two  eye  -glafles).  This  latter  telefcope, 
therefore,  has  univerfally  taken  place  of 
that  above  defcribed. 

65.  In  the  ofironomical  telefcope  the 
jT-;^  ^0^  field  is  enlarged  by  the  infertion  of  a 
plano-convex  lens  between  the  objed- 

glals 
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glafs  and  the  image  ; the  refra£lion  of 
this  glafs  brings  the  converging  rays  of 
the  feveral  pencils  fooner  to  their  foci, 

! and  thus  diininilhing  the  length  of  the 
telefcope,  and  confequently  the  image,  it 
diminiftiesthe  magnifying  power — but  as 
it  receives  feveral  of  the  more  oblique 
pencils  that  could  never  reach  an'eye- 
glafs  of  fufficienily  fmall  aperture,  it  will 
enlarge  the  number  of  vifible  points  in 
the  objedtj  i.  e.  the  field  is  increafed. 

In  the  terre/trial  telefcope  two  lenfes 

(befide  thofc  neceffary  for  ereding  the 

image,  viz.  M N and  P Q2 

increafmg  the  field  — e.  g.  if  A B be 

..  . . . 7** 

an  oblique  pencil  of  parallel  rays  falling 

on  an  object  glafs  YT,  after  refraction, 
they  would  converge  to  F,  and  there  the 
firft  image  F S would  be  formed — the 
femi-aperture  of  M N muft  in  this  jcafe 
be  larger  than  the  image  F S — and  as 
this  lens  muft  be  very  convex  for  pro- 
ducing 

i' 
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ducing  fo  great  a change  as  is  required 
in  the  direction  of  the  pencil,  confider- 
able  errors  would  arife  from  its  great 
aperture  and  convexity — cither  this  muft 
enfue,  or  clfe  the  field  muft  be  con- 
traded  fo  as  to  lofe  the  pencil  A B,  &c. 
The  neceffity  of  this  alternative  is  a- 
voided  by  placing  a lens  R V of  fmall 
convexity  between  the  firft  image  and 
the  objed-glafs.  This  reduces  the  image 
S F to  L O,  whereby  neither  fo  great  an 
aperture  or  convexity  is  required  in  the 
lens  M N (nor  confequently  in  f P Q)  as 
before  ; yet  the  pencil  A B is  retained  in 
the  field — R H is  the  fecond  real  image 
formed  by  the  refradion  of  P Qj  the 
eyc-glafs  W X muft  have  a large  aperture 
to  keep  within  the  field  all  the  pencils 
of  this  image  ; whence  if  its  magnifying 
power  be  confide rable  great  errors  will 
arife  ; but  by  interpofing  the  lens  U E of 
fnaall  convexity  between  the  lens  P 

and 
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and  the  image  R U formed  by  it,  this 
image  is  reduced  to  I G,  Hill  retaining 
the  extreme  pencil  A B within  the  field  ';  7 

therefore  a lefs  aperture  of  W X than 
what  was  neceffary  before  will  now  ferve 
to  view  this  image. 

It  is  to  be  obferved  that  the  magni- 
fying  power  is  diminiihed  in  this  con- 
ftrudlion,  as  the  image  is  fucceflively 
contracted  by  the  contraction  of  R V and 
U E ; yet  the  errors  being  bkewife  Icf- 
fened  (as  we  fliall  prefently  fee)  the  prin- 
cipal cye-glals  may  have  fuch  a magni- 
fying  power  as  to  compenfate  the  dimi- 
nution of  the  image*. 

66.  I,  The  errors  of  difperflon  zxi^iw^ 
from  the  eye-glafs  are  corrected  by  fuch 
an  adjuftment  of  the  additional  glaffes  as 

* If  a more  ample  explanation  of  this  fix-glafs  telef- 
cope(the  invention  of  which  we  owe  lo  Mr.  Doiiand)  be 
deftred,  it  may  be  found  in  a paper  inferted  in  Mr.  Lud- 
Um’s  aftronomical  obfervatiocs. 


dial] 


( 102  ) 


Fig.  7 


I. 


fliall  make  their  difperfing  powers  mu« 
tuall7  to  correct  each  other  ; thofe  ho- 
mogeneous rays  that  were  dilperfed  by 
one  eye-glafs  being  colledhed  or  elie 
made  to  emerge  parallel  by  the  contrary' 
refradion  of  the  next  glafs,  lo  however 
as  to  make  them  emerge  from  the  prin- 
cipal eye-glafs  parallel  to  each  other,  and 
thevelore  to  be  colleded  at  the  retina  by 
the  refrading  humours  of  the  eye. 

2,  If  the  necelTary  refradion  of  the 
extreme  pencils  of  the  field  be  performed 
by  a fingle  eye-glafs,  the  errors  from 

fphericity  will  : : If  it  be 

Jr  ocal  length  ’’ 

performed  by  two  or  more  eye  glafles  of 
the  fame  aperture,  the  errors  generated 
by  thefe  will  be  far  lefs  than  that  gene- 
rated by  a fingle  one,  as  may  be  eafily 
colleded  from  the  note  on  Siibf.  62  — 
ftill  more  will  the  errors  Le  reduced  if  the 
glafles  that  principally  perforin  this  re- 
fradion 
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fraction  can  be  diininilbecl  in  their  aper- 
ture : but  this  is  done  in  the  fix;  elafs 
telefcope  of  Dnlland,  where  the  infertion 
of  the  lens  R V diiniuifhes  the  aperture 
of  M N 5 and  therefore  * of  P and  the 
infertion  of  U E reduces  the  aperture  of 
the  principal  eye-glafs  W X.  The  errors 
of  fphericity  which  thefe  glafles  R V and 
U E produce  are  much  lefs  than  thofe 
they  remove,  as  from  the  nature  of  their 
pofition  their  apertures  are  not  large,  and 
their  convexity  is  inconfiderable. 

67.  The  rooft  important  improvement 
however  in  eye-glalTes  we  owe  to  Mr. 
Ramfden,  and  he  derived  his  fir  (I  idea  of 
it  from  a phcenomenon  obferved  by  Sir 
I.  Newton. — In  the  chapter  of  his  Lec- 
tures Opticse  de  luce  per  prlfma  ad  ocidum 
tranfmijfd — he  remarks  that  the  colouring 


* For  thefe,  in  terreftrlal,  telefcopes  are  generally 
fjmilar  and  equal  leofes. 
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of  objects  feeii  through  a prifm  depends 
on  the  dillance  of  the  objedt  from  the 
prifm,  and  that  when  the  objed:  and 
prifin  are  in  contad,  the  objed  is  en- 
tirely uninfeded  by  prifmatic  colours. — 
Mr.  Ramfden  applied  this  principle  to 
corred  the  errors  of  the  eye*glafs  in  the 
following  manner ; 

rig- 72*  At  the  focus  of  an  objed-glafs  per- 
fedly  acliromatic  he  let  the  image  fall 
near  the  planc-fide  of  a plano-convex 
lens — the  lens  having  the  fame  effed 
on  the  image  as  the  prifm  in  Newton’s 
experiment  had  on  the  objed,  the  emer- 
gent rays  were  not  fenfibly  infeded  by 
prifmatic  colours,  and  were  made  to  pro- 
ceed to  the  eye  parallel  by  a fmall  plano- 
convex placed  nearer  to  the  former  than 
its  own  focal  length  f , its  plane  fide 

being 


J Becaufv;  the  rays  after  pafling  the  firlt  eye-giafs 
diverge  from  the  imaginary  image  C D,  which  is 


more 
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being  turned  to  the  eye,  could  be  gene- 
rated by  it ; but  whatever  errors,  whe- 
ther of  fphericity  or  dirperfion,  were  oc- 
caiioned  by  the  diftance  of  the  image 
from  the  larger  plano-convex,  or  by  the 
refraction  of  the  fmaller  (though  they 
mull  be  very  inconfiderable)  might  be 
corrected  by  conftruCling  the  objeCt-glafs 
fo  as  to  admit  aberrations  equal  to  thefe, 
but  in  contrary 'directions,  to  take  place 
in  the  image. 

The  rcafon  why  the  image  is  not 
placed  direCtly  on  the  plane  fide  of  the 
lens  A,  is,  that  in  this  cafe  any  dirt  or 
motes  on  the  interior  eye-glafs  will  be 
feen  diftinCtly  and  magnified,  as  being 

more  diftant  from  the  lens  A than  the  real  image  E F, 
(Vide  Subf  39.)  but  in  order  to  make  the  rays  emerge 
parallel  from  B,  it  fhould  be  at  the  diftance  of  its  own 
focal  length  from  C D,  and  at  a lefs  diftance  from 
the  lens  A. 


then 
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then  at  the  focus  of  the  exterior  eye- 
glafs. 

For  a fuller  explanation  of  this  im- 
provement, confult  a paper  of  Mr. 
Kamfden^s,  in  the  philofophical  tranfac- 
tions  of  1782, 
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SECT.  X. 


Of  Mkrofcopes  and  other  Optical  InJlrU’- 

ments. 


68.  T H E impediments  to  the  vifion 

of  very  near  objects  arife  from  too 

» 

great  a divergence  of  the  rays  in  each 
pencil  incident  on  the  eye^  and  are  re- 
medied by  the  microfcope.  This  inftru- 
ment  is  of  two  kinds ; i , ref  railing  \ and 
2,  refedfing,  ' 

The  rejra£ling  microfcopc  is  either,  i ^ 
fingle,  or  2,  compound  pthe  former  is  a 
fmall  double  convex  lens  of  a fliort  focal 
^ length; 

- i 

\ 


/ 


( I o8  ) 

length  ; the  ohjed  is  placed  in  Its  focus, 
Iw  wliich  dlfpofition  the  rays  of  each 
pencil  emerging  from  the  lens  become 
paiMllcl,'  and  fo  afe  brought  to  their  rc- 
> f]>edive  ibel  on  tlie  retina  by  the  humours 
of  the  eye  : the  magnifying  power  of  the 
inflriiment  appears  from  hence. 

The  apparent  lineal  magnitude  of  an 
objed  feeii  with  this  inftrument,  is  to- 
ils lineal  magnitude  feen  with  the  naked 
eye,  as  the  leall  dirtance  that  admits  of 
dilVmd:  vifion  with  the  naked  eye,  to  the 
focal  length  of  the  lens ; for  thefe  mag- 
nitudes are  as  the  angles  under  which 
the  objedl  appears*,  i.  e.  inverfely  as  the 
diftances  at  which  it  is  viewed. 

69.  A compound  microfeope  is  com- 
pofed  of  two  double  convex  glalTes,  the 

• And  becaufc  the  rays  of  the  extreme  pencUt 
' emerge  parallel  to  their  axes,  the  angle  at  the  eye  i« 
equal  to  that  contained  by  thele  axes  } i«  e.  to  the 
angle  fubtended  by  ihe  objcil  at  the  focal  length  of  the 
lens. 


broader 


( lOfj  ) 

broader  next  the  eye  ; in  this  inilrument 
the  dihance  of  the  objed:  from  the  objed-  74* 
giafs  is  to  be  made  greater  than  the  focal 
length  of  that  lens;  then  the  image  will 
be  formed  at  the  focus  conjugate  to  the 
place  ph  the  objed,  and 'the'  eye-glafs 
being  placed  at  its  own  focal  diftance* 
from  the  imaged  fhall  make  the  rays 
emerge  parallel  - to  each  othery  and  con-- 
fequently  .{produce  difiind  vifiori*#  . * 


f The-mlgnifyirig  po\Vef  ’ df  ' this  tinflrufnent  is 
thus  flie\vn^;  Letrl>  re’prefent  the  ftnalleft  diftance  . 

that  admits  of  diftintft  vifion^to  the  naked  eye’.  The 
apparent ‘ magnitude  of  an'  object  feen  with-  this  in*  > 
ftrumbnt  is 'to' ' 'the'"  apparent  magnitude  when^  feen 
diftih^lly  by  the  naked -eye  : : f L (the  diftance  of  the  * 
image »from  the  objedl-glefs)  x D to  N L,(the'dif-  . 
tance  of  the  objedl-glafs  f^om  the  objedl)  X £ R (^he’r 
focal  length  of the  eye-glals) — For  the  former  of  thefe 
magnitudes  is  to  the  latter:  : the  angle  (B  G C or) 

Q_R  P ‘to  the  angle  under  which  the  objetft  would 

appear  at'the-difta'nce  D (i ^ P.  : ; ; 

^ I '•  r,  ;r-f  i.fftl  -.fit  ■ 

Xi  f N Xj  • ^ . 1 r T\ 

: t'L  f X'li  • N L X fR.  • 
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^ To  enlarge  the  field  of  the  compound 
mlcrofcope,  it  is  ufual  to  infert  a broad 
lens  (as  in  the  aftronomical  telefcope) 
' between  the  objedt-glafs  and  the 
image.  . ' 

70.  The  refledting  micro fcope  is  thua 
,r. , confiru^led : . * 

V id* 

I'ig.  7®.  In  the  extremity  of  a broad  tube  infert 
s a concave  fpeculum  N U ; a point  O in 

'•  its  axis,  whofe  diftaiice  from  the  verted 

V is  greater  than  the  focal  length  of  the 
concave,  is  the  place  for  the  .objedi, 
Fig.  75.  whofe  image  will  confequently  be  form- 
ed at  the  focus  G conjugate  to  the  point 
O ; at  the  diftance  of  its  own  - focaj 
length  (GL)  place  a double  convex  lens, 
by  .which  the  image  will  be  feen  dif- 
tindlly^. 

' ■ ■ N.  B. 

• The  magnifying  power  of  the  inftru'ment  is  thutt 
fhewn  : Let  D reprefent  the  fmalleft  dillaoce  that 
admits  ditlinfl  TifiOQ.  j-The  magnitude  (M)  of  ao  objeeft 

fecB 


i 


( ni  j • 

» 'N.  B.  The  objed  is  illuminated  by, 


light  admitted  into  the  tube  through  a 
fpace  P R adjoining  to  the  fpeculum  ; 
and  the  illuftration  of  the  objeft  may  be 
rendered  more  intenfe  by  a concave  fpe. 
culum  A B,  which  (hall  refled  the  light 
fo  admitted  to  a focus  at  the  place  of  the 
objedti 

71,  A folar  microfcope  is  conftruited 
in  the  following  manner  : In  the  infide 

feen  with  this  inftrument  is  to  its  apparent  magni- 
tude (m)  feen  by  the  eye,  as  D X GV  (the  diftahec 

the  image  from  the  vertex)  : : O V (the  .diftance  of 
the  objedt  from  the  vertex)  X G L (the  focal  diftance 
of  theeye-glafs) — Fortliey  are  as  the  angles  W L 
and  that  under  which  S (^appears  at  the  diftance  D. 


Then  M : m : : 


W X go.  C G CO 

• ■ • • • - • • • 


' G L ' D ' ' GL  ' D 
V F— OF  , 


F G — F V V F 

GL 


add  to  the  numerators  re- 


fpedilvely  2 F V and  2 O F which  are  proportionaj 


O XG  L. 
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' of  -a  tube  Is  'placed'  a convex  lens  A-B 
and  af.''a  'diftance  a little  .greater  ..than' 
its*' focal  length;,*  hut  lefs^than  double  of 
it,  is  fixed  fbme.  tranfparent  colo'ufed; 
ohjetl  QJPj  whofe  image  will  l>e, paint*": 
ed  miiGh*  enlarged  at  theiibcus^cobjugatev 
to  the’  plaxe  of  the  ohjedt — A hrOad  lens* 
C D,  is  placed  before  the  ohjed;  to  c6lle£l‘ 
the  folar  rays,  for  the  purpofe  of  illuini" 
hating  it  more  firongly7and'confequently, 
malcihg*  the  image  more  'diftind  and 

vivid  rv  - ; . ' *■  .*•  ' " Z; 

• • # 

’ . On  the 'fame  principle  a magic 
lailthorn  is  conftrhded  ;'*in  a tube  A'G 
that  projeds  from  th^  body , of  the  lan- 
thornis  fixed  a double  convex  lens  GL'-^ 

' beyond  its  tocusF  is'placed  a plate  AQ^ 

' • This  inftrument  is  extremely  ufeful,  as  it ‘per- 

fimits  us  to -examine  every  mimite-'objedls  without  the 
laaie^  exertion  of  the  eyes  'that  they  are<  fubjea  to  U 
«th«r  raicrofeopes,  ■ 

/ 

' \ 


with 


i(  ) 

with  tranlparent  coloured  painted 

on  ‘it ; ..thefe  being  illuminated  * 'by  tlie 
caadl'e'iri  the  laiathorn,  and  placed ‘in  an 
inverted  pofition,  their  images ::wiH' be 
paiiitediereifl^  and -magnified  atr.M,  the 
focus  ,conj;Uga1ic";t6l  P,  as  -is  ideiandrom 
the^principles' heretoforedenroiiftrated.— «*• 

The  JJluminatioai:“of  the  objects. is 
ftrCngthened  by'colledling  the  rays'witk 
the  concave  fpeculum  X Y,  Or  the  convex 
lens  R S,  ■ ^ ^ ' 

.')  .r  . i V ■ -i  i;.:::  ^ ^ 

73.  A folar  telefcope  is  the  , fame  with 

the.  aftronomical,  one,  ^ except  that  the 
dift^mce^  of  the  eyerglafs  froni  the-focus  of 
the  objedb-glafs  is  made  fomewhat-greater 
than,  its  focal  length,  this  means  the 
fmall  image  of  the  fun,  fornied  in  the 
focus  of  the  objedt-glafs,  is  praje<fled  much 
enlarged  on  a wall  placed  ^at  a proper  d if- 
tance  behind  the  eye-glafs, ; and  thusL 
eclipfes  and  the  folar  fpots  may  be  ob- 
ferved  with  great  advantage. 

74.  The 


Fig.  78i 


Subf. 
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24*' camera  obfcura  is  an  inftru* 
ment'ufed  to  facilitate'  the  delineation 
of  profpe£tsr— It  is  conftruded' in  the 
following  manner  : 

' A G repreferits  a box  of  about  a foof 
and  a half  fquare,  fhut  on  every  fide 
except  DC;  O Pis  a fmaller  box  placed 
on  .the'  top  of  the  greater;  M N is  a 
double  convex  lens/'whofe’  axis  makes 
an  angle  of  45^  with  BL,  a plane  mirror 
fixed  in  the  box  O P ; the  focal  length  of 
the  lens  is  nearly  equal  to  C S + S T,  i.  e. 
to  the  fum  of  the  diftances  of  the  lens 
from  the  middle  qf  the  mirror,  and  of 


the  middle  of  the  mirror  from  the  hot- 

tom  of  the  larger  box. —The  lens  being 

turned  toward  the  profpe6t  would  form’ 

a picture  of  it,  nearly  at  its  focus  ; but 

the  rays' being  intercepted  by  the  mirror 

will  form  the  picture  as  far  before  the 

furface’astlie  focus  is  behind  it"^,  i.  e,  at 

the  bottom  of  the  larger  box— (a’  com- 
* . « • * 

munication  being  made  between  the 
''  boxes 


( iiT  ) 


boxes  by  the  vacant  fpace  QJ3). — The 

draughtfman  then. putting  his  head  and 

hands  into  the  box  through  the  open  fide 

DC,  and  drawing  a curtain  .round  to 
* / 

prevent  the  admiflion  of  tl^e  light,  which 
' would  disturb  the  operation,  may  trace  a . 
diftindt  outline  of  the  pidure  that  ap- 
pears on  the  bottom  of  the  box. 


75. . There  is  another  kind  of  camera 
bbfeura,  cohftruded  thus.  In  the  ex- 
tremity .of  the  arm  P that  extends 
from  the  fide  of  a fmall  fquare  boxB  L,  Pig-  ^9, 
is  placed  a double  convex  lens  whofe  axis 
is  inclined  in  an  angle  of  45^  to  a plane 
mirror  B O : The  focal  length  of  the 
lens  is  equal  to  its  diftance  from  the 
fide  of  the  box  O T ; therefore  when 
the  lens  is  turned  towards  the  illumi. 
nated  profped  it  would  projed  the  image 
on  the  fide  O T,  if  the  mirror  were  re- 
moved, but  this  will  refled  the  image  to 
the  fide  M L,  which  is  as  far  diftant 

from 


,(.”6  ) 

from  the  middle  of  the  mirror  as  this  is 
• - i '•  ( . . <1  ' 

from  the  fide  O T ; it  is  there  received 

h f:-  ' . c.jp  fiHfr  ' > 

pn  a piece  ,or,  glals,  rough , at  the  upper 
fide  and  fnjooth  at  the  lo\veir,  and  ap- 
pears  m its  proper  colours,  on  the  upper 

I t • •tj  ^ ^ ^ ^ 

fide  of  the  plate.  It  is  evident  .that  in 

.>  I"  1.  ■ 'i'li  ; '■ 

each  of  thefe.inftruments  the  image  is 

^~r  '^!  ■)  ■ ; ...i  j.  J 

inverted  with  refpcdt  to  the^  otyed. 

M S IS  a lid  to  prevent  the  admiflion  of 
flight  during . the  .delineation  .of  the  pic- ' 
ture,  and  others  for  theifamefipurpofe 
.,are  applied.tothofides  M R*  andN’L, 
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•j f - i i ;•  V Qf*  - Rainbow. ' ; 
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1 ^r^ii;ib(>w  is  a circular /image  of 
^ ..tte  fun^  ^ varioufly  coloured.  It 

<•>1!  •;(»..  i / 

i?  thus  produced,;  ‘ The  folar  xays  enter- 
ing the  drops  of  falling  rain  .are  reffa^Sied 
to  their  i farther  furfaces,  and.tjience  by 
one  or  more  r-eilexions.tranfmitted  to  the 
jcye:.  At. their  .emergence  from  the  drop 
as  well  as  at  their  entrance  they  .fuffera 
.rcfradion,  by  which  the  rays  are  fepara. 

ted 


'(  >18  ) 

ted  into  their  different  colours,  and  thefe 
therefore  are  exhibited  to  an  eye  proper- 
ty placed  to  receive  them. 

That  this  is  the  true  account  of  the 
formation  of  the  rainbow,  appears  from 
the  following  confiderations : 

1 , That  a bow  is  never  feen  but  when 
rain  is  falling  and  the  fun  fhining  at  the- 
fame  time,  and  that  the  fun  and  bow 
are  always  in  oppofite  quarters  of  th^ 
heavens.  This  every  one’s  experience  can 
teftifyt 

2.  That  the  fame  appearance  can  be 
artificially  reprefented  by  means  of  water 
thrown  mto  the  air,  when  the  fpedtatot 
is  placed  in  a proper  pofition  with  his 
back  turned  to  the  fun.  Experiment 
will  fhew  this. 

' 3.  That-  its  ■ formation  as  above  de- 
feribed  can  be  clearly  exphined  from 
the  properties  of  light  already  demon- 
(Irated.  , ■ ' - o.: 

/ . ;r  V 


,(  M9  ) 

-This  I fliall  proceed  (o  (liew  in  as 
full  a manner  as  the  defign  of  this 
tradt  will  allow.  . * • 

t.  . , 

Let  A B be  a drop  of  water,  and 
p D a pencil  of  folar  rays  incident  there,  89. 
on  ; if  all  the  rays  of  any  one  colour,  e.  g. 
red,  belonging  to  the  pencil  CD,  be  re- 

t . N I • i I • ^ 

fradfed  to  the  fame  point  G,  and  thence 
refledied,  they  fhall  fall  on  the  fpace  R Q 
with  the  fame  obliquity  and  at  the  famd 
diftances  from  each  other  as  the  re- 
fra^ed  rays  if  proceeding  backward 
from  G would  fall  on  the  fpace  T S — 
hut  thefe  at  their  refra&on  would ‘e- 
merge  into  T D,  C S,  &c.  parallel  to 
each  other;  •,*  the  rays  G R,G  Q^,  fhall 
emerge  from  the  drop  parallel  to  each 
other— and  therefore  wdil  enter  an  eye 

• r 

properly  placed  copioufly  enough  to 
caufe  a fenfation  ; a red  colour  fhall  there' 
fore  appear  in  the  diredfion  of  thefe  rays, 
and  fo'  of  others. — But  if  (as  in  figure 


(.  ^3^-  ) 

8 1 ) .the  refracted  rays  do  not  nx^efin  the 
fame  point,  the,  refled:.ed  rays  1 -^5  P Q^, 
will  not  fall  on  the  fiirfaco  at  the  fame 
diliance  from,  each,  ether  that  P T and 
' .IS  ,c]o?,  thpngh-.their,,  oblifjiiity,  -to  the 
furface  be  .equal  to  that  of  the- latter-r- 
V*..  the  refracted  rays,  fliall  .emerge,  di- 
verging from,  each  other,  and  xonfe- 

( t 

quently  Ihall^  not  ’entei\  the  eye  copir 
oufly  enough  to  caufe  a perception  of 
their  colour,  . r-  . . , . 

ill  • > • • » f.  . . 4 

; It  is  plain  that  where  the  rays  of  any 
Pig  02.  colour  emerge  parallel,  all  thele  emerg- 
ing rays  fliall  be  inclined  to  the  incident 

rays’  in  the  fame  -angle. — And  - by  . cal- 

^ ■ < *» 

Gul^ion  * it  is' found^that  .the  red  ray^ 
■vvhen  they  emerge  parallel  to  each^pther 
make  with  the  Incident  rays  an  anglg 
A B O of  42°  2',  and  the  violet  an  angl^ 
AG  O of  40°  17',  and  the  rays’ of  the 

• Vide  Newt.  Led.  Opt.  P.  i.  Sed,  4.^ 


Other 


{■  til.  ) 

Other*  colours,  angles  greater  than  the  • 
latter,  and  lefs  than  the  former. 

If  through  the  eye  which  receives  the 
emerging  rays  there,  be  drawn  a line  * 
AX  parallel  to  the  incident  rays  it  fhall 
make  with  the  emerging  rays  of  each 
colour,  angles  RAX  and  VAX,  &c. , 
equal  to  the  above.  This  line  A X is  call- 
ed the  axis  of,  vifion.  = 

The  feveral  drops  placed  in  the  lines 
A R,  AV,  &c.  will  exhibit  to  the  eye  at 
A the  feveral  prifmatic  colours  refpedlive- 
ly,  as  appears  from  what  has  been  faid ; 
and  If  thofe  lines  be  fuppofcd  to  revolve 
with  a conical  motion  round  the  axis  of 
vifion,  it  is  evident,  for  the  fame  rea&n, 
that  all  the  drops  placed  in  each  of  the 
conic  furfaces  fo  generated  will  tranfmit 

the  rays  of  each  colour  refpedlively  to  the  • 

« < 

• Which  will  pats  through  the  fun,  as  the  diftance 
•f  the  eye'from  the  rain  is  evanefcent  in  comparifon 
at'  the  frtn's  difi^ace  from  both. 

eve, 


(■  122  ) 

I 

tye,'  and  therefore  that  a number  of 
circular  concentric  arches  of  the  prifma- 
tlc  colours  adjoining  to  each  other  wiU 
be  exhibited  to  the  eye. 

'I  bis  explanation  relates  to  the  interior 
bow,  whofe  colours  beginning  from  the 
outlide  are  red,  orange,  &c.  as  in  the 
prifmatic  fpedlfum.  This  bow  can  never, 
be  feen  if  the  fun  be  elevated  more  than 
42°  2'  above  the  horizon  ; for  the  hori. 
J’ig.  83.  zon  H O always  makes  with  the  axis  of 
vifion  AX  an  angle  equal  to  the  eleyation 
of  the  fun,  *.*  in  the  cafe  here  ftated,  the 
line  A (^5  marking  the  vertex  of  the 
rainbow,  would  fall  entirely  below  the 
ohrizon. 

As  the  interior  bow  is  formed  by  one 
reflexion  and  two  refractions, the  exterior 
bow  is  formed  by  two  refledlions  and 
two  refractions  at  the  furfaces  of  the 
i?ig.  84.  drops  of  falling  rain.  If  the  red  rays  of 
any  pencil  C D of  folar  rays  after  re- 
fraction interfeCt  each  other  at  R,  fo  that 

when 


( *23  ) 

when  reflected  at  TV  they  may  pro- 
ceed parallel  within  the  drop,  after  a fe- 
cond  reflection  at  X they  will  pro- 
ceed to  L M,  interfering  each  other  at 
S equally  diftant  from  X Q^,  as  R is 
from  T V,  And  as  the  rays  Q^T,  XV, 
if  they  proceeded  backward,  would  after 
reflexion  fo  fall  on  the  furface  N O as  to 
be  refraded  into  air  parallel  to  each 
other  ; fo  XM,  Q^L,  falling  on  the  fur*  / ^ 

face  precifely  in  the  fame  circumftances, 
fliall  be  refraCled  to  the  eye  parallel  to 
each  other,  and  therefore  will  enter  it  co- 
pioufly  enough  to  caufe  a perception  of 
their  colour  ^and  lb  of  the  reft. ) The 
red  rays,  when  * emerging  parallel  after 

♦wo  reflexions,  are  by  calculation  found  Opt.  k i* 

^ • Sedl  s 

to.  make  with  the  incident  rays,  and  * 

therefore  with  the  axis  of  vion,  an  an-  ' 

gle  of  50°  57'.  The  violet  rays  when  e- 

merging  parallel  are  found  to  make  with 

their  incident  rays,  and  therefore  with 

the  axis  of  viflon,  an  angle  of  54®  f- 

The 


The  other  emerging  rays  meet  the  axis 
of'  vifion  in  the  intermediate  angles.* 
I'lg- ^2.  Froni  .hence  it  is  eafy  to  explain  the 
generation  of  the  exterior  bow,  in  the 
lame*  manner  as  that* of  the  interior.  It' 
is-  to  .be  remarked,  that  the  ‘order’  of 
colours  in  the^exterior  bow  is  the  reverfe 
of  that  in  the  interior,  and  the*  reafon  of 
this  appears^  in  the  above  explanation  ; * 
^2.  A'E,  which  mai'hs  the  diredlion  of 
the  violet  rays  in- the' outer  bow,  con- 
, tains  with  A X.,  the  axis  of  vhon,  a grea-^* 

I 

ter'  angle  than ' A D,-  which  marks  the 

dirediion  of  the  red  rays,  contains  With* 

• • • 

the  fame - axis.'  The  reverfe  is  the  ^ cafe  ‘ 
iii'the  interior  bow. 

It  'is*  evident  (for  a rea fdn  fimilar  to 
that  'gl vendin'  the-  cafe  of  the  ih'tcribr  ''' 

r 

bow)  that  an  exterior -bow  * cannot  *be 
feen  ‘when  thfe*  elevation  of  the"  fun  is* 

f 

above  _5'4®  f,  ‘ .. 
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The  other  - emerging  Tays  meet  the  axis 
of'  vlfion  ill  the  intermediate  an^es. - 
f'g- ^2.  Frorn  .hence  it  is  eafy  to  explain  the 
generation ' of  the  exterior  bow,  in  the  ‘ 
lame-  manner  as  that* oF  the  interior.  It 
is-  to  .be  ^remarked,  that  the  ’order  of 
colours -in  the  exterior  bow  is^;he  reverfe 
of  that  in  the  interior,  and  the*  reafon  of 
this- appears^  in  the  above  explanation  ; * 
^2.  A'E,  which-  mai'ks  the  diredlion  of  ^ 
the  violet-  rays'in  the*  outer  bow,  con- 
, tains  with  A Xj-the  axis  of  viion,*  a grea~  ‘ 

I 

ter'  angle  than  * A D,-  which  marks  the 
dire<3;ion  of  the  med  rays,  coiitains  wnth' 
the  • fame • axis.'  The  reverfe  is  the  cafe' ‘ 
iii’the  interior  bow.  * ’ • 

It  'is*  evklcht'  (for  a reafon  fimilar  to 
that-  given^  in  the  cafe  of  the  interior  " 

, t 

bow)  that  an  exterior -bow  - cannot 'be 

feen  iwhen  the -elevation  ef  the- fun  is* 

» 

above  ^4°  ‘ -■ 
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